University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2010

Females lugging loads: What is an appropriate
backpack load for female recreational hikers?
Katrina Simpson
University of Wollongong

Recommended Citation
Simpson, Katrina, Females lugging loads: What is an appropriate backpack load for female recreational hikers?, Doctor of Philosophy
thesis, School of Health Sciences, University of Wollongong, 2010. http://ro.uow.edu.au/theses/3284

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact Manager
Repository Services: morgan@uow.edu.au.

Females lugging loads: What is an appropriate
backpack load for female recreational hikers?

A thesis submitted in fulfilment of the
requirements for the award of the degree

Doctor of Philosophy
from
University of Wollongong
by
Katrina Simpson
B App Sc (Human Movement), M App Sc

School of Health Sciences
2010

Declaration

I, Katrina M. Simpson, declare that this thesis “Females lugging loads: What is an
appropriate backpack load for female recreational hikers?”, submitted in fulfilment of
the requirements for the award of Doctor of Philosophy, in the School of Health
Sciences, University of Wollongong, is wholly my own work unless otherwise
referenced or acknowledged in this thesis. The thesis has not been submitted for
qualifications at any other university or institution.

_____________________
Katrina M. Simpson
11th November 2010

ii

Publications
This thesis includes chapters that have been written as the following journal articles:
Chapter 2:

Simpson K, Munro BJ, Steele JR. 2010. Backpack versus no backpack:
What is the appropriate control condition for females in load carriage
studies? Journal of Applied Biomechanics. Submitted for publication
October, 2010.

Chapter 3:

Simpson K, Munro BJ, Steele JR. 2010. Does load position affect gait and
subjective responses of females during load carriage? Applied Ergonomics.
Submitted for publication October, 2010.

Chapter 4:

Simpson K, Munro BJ, Steele JR. 2010. Effect of prolonged load carriage
on ground reaction forces, lower limb kinematics and spatio-temporal
parameters in female recreational hikers. Ergonomics. Accepted for
publication pending minor revisions, November, 2010.

Chapter 5:

Simpson K, Munro BJ, Steele JR. 2010. Backpack load affects lower limb
muscle activity patterns of female hikers during prolonged load carriage.
Journal of Electromyography & Kinesiology. Submitted for publication
October, 2010.

Chapter 6:

Simpson K, Munro BJ, Steele JR. 2010. Effect of load mass on posture,
heart rate and subjective responses of female recreational hikers to
prolonged load carriage. Applied Ergonomics. Accepted for publication 21
August, 2010, Doi: 10.1016/j.apergo.2010.08.018.

As the primary supervisor, I, Professor Julie Steele, declare that the greater part of the
work in each article listed above is attributed to the candidate, Katrina Simpson. In
each of the above manuscripts, Katrina has contributed to study design, was solely
responsible for data collection and data analysis, and was largely responsible for data
interpretation. The first draft of each manuscript was written by the candidate and
Katrina was then responsible for responding to the editing suggestions of her coauthors. The co-authors, Julie Steele and Bridget Munro were responsible for assisting
in study design, data interpretation and editing in the manuscripts. Katrina has taken the
lead role in submitting each manuscript for publication to the relevant journals, and she
has been primarily in charge of responding to reviewer’s comments, with the assistance
from her co-authors.

Katrina M Simpson
Candidate
11 November 2010

Professor Julie R Steele
Primary Supervisor
11 November 2010

iii

Acknowledgments
I would like to express my gratitude to the following people whose assistance has made
this thesis possible. My most sincere thanks to:


Professor Julie Steele, my primary supervisor. Thank you for your most
generous support, encouragement and guidance.



Dr Bridget Munro, my co-supervisor. Thank you for your support, guidance
and advice.



My subjects who most kindly participated in the research studies that constitute
this thesis.



Dr Annaliese Dowling, my primary assistant during testing. The contribution of
your time, support and encouragement was greatly appreciated.



Dr John Simpson for his technical and programming help, advice and
assistance.



Renate List, Laura Buckley, John Whitting, Karen Mickle and Eileen
Inagaki, for their help and assistance during testing.

Finally, special thanks to my husband, family and friends for their continued love,
understanding, support, patience and encouragement.

iv

Abstract
Recreational hiking is an increasingly popular outdoor recreational pursuit for
females. However, the positive health benefits of the activity can be reduced by the
occurrence of injury, pain or discomfort, with females incurring more injuries than their
male counterparts. Despite this association between hiking injury and female gender,
there is a lack of research on the physiological, biomechanical and subjective responses
of women to prolonged load carriage upon which to develop load mass guidelines for
recreational hiking. Various biomechanical and neuromuscular factors such as muscle
activation patterns, kinematics and kinetics are altered after fatiguing exercise and
epidemiologic research suggests a relationship between fatigue and musculoskeletal
injury rates. In addition, pre-existing gender differences in various biomechanical and
neuromuscular factors may also be amplified by fatigue caused by prolonged load
carriage and may help to explain the mechanisms that may lead to load carriage injuries
in females. Therefore, the aim of this thesis was to determine the effect of variations in
load mass during prolonged load carriage on the performance of female recreational
hikers and develop load mass guidelines for this cohort or recreational hikers. To
achieve this aim, the thesis was divided into two sections, in which three experimental
studies were conducted.
In Section A the backpack loading methodology for Section B was established by
determining the appropriate control condition for load carriage studies (Chapter 2) and
whether the vertical position of the load impacted load carriage (Chapter 3). In Chapter
2 it was found that either an unloaded backpack or no backpack could serve as a control
condition in load carriage studies. Chapter 3 then established that vertical load position
in a backpack did not elicit substantial gait modifications or significantly alter selfreported responses, indicating that vertical load position was not a critical factor
affecting load carriage performance when carrying a backpack. Therefore, the backpack
loading methodology selected for Section B included no backpack as the control
condition to reduce any irritation and discomfort caused by an empty backpack and the
load mass was distributed evenly along the vertical axis of the backpack and close to the
backpack harness.
Section B investigated the effect of load mass on biomechanical, physiological
and subjective parameters displayed by female recreational hikers during prolonged
load carriage. Fifteen experienced female recreational hikers carrying four different
v

backpack loads (0%, 20%, 30% and 40% body weight (BW)) walked 8 km over-ground
on a load carriage course at a self-selected speed at their normal hiking pace. Sagittal
plane lower limb kinematics, kinetics and electromyographic (EMG) patterns, together
with ratings of perceived exertion (RPE), heart rate and discomfort measures, were
collected throughout each trial at the 0, 2, 4 and 8 km distances As distance increased,
subjects reported significantly increased shoulder, neck and upper back discomfort and
displayed increased forward trunk flexion. The participants also displayed lower
integrated EMG of the vastus lateralis (VL), semitendinosus (ST) and gastrocnemius
medialis (GM) muscles at 2 km compared to 0 km but no further decrease was seen as
distance increased. At 8 km, a shorter VL activation and local muscle fatigue of tibialis
anterior suggested that the functional roles of these muscles may have been
compromised, reducing the ability of the lower limb to absorb the repetitive loads
associated with prolonged load carriage. Altered muscle activity may have also resulted
in the changes in knee flexion and ankle plantar flexion evident at initial foot-ground
contact with increased load carriage distance.
With increased load mass, the vertical and anteroposterior ground reaction forces
(GRF) generated during walking were proportional to the increase in load, albeit up to
30% BW, where no further increases in GRF were found as load increased from 30%
BW to 40% BW. Although changes in double support time, velocity, cadence and knee
flexion at initial foot-ground contact and early stance were seen with load carriage, they
did not change as load mass increased. Single-limb stance time was the only variable to
increase when loads heavier than 30% BW were carried. Activity of VL, ST and GM
also increased in order to compensate for the additional load. However, changes in VL
and biceps femoris co-activation were only seen when participants carried the 40% BW
load. The changes in kinematic, GRF and muscle activation patterns suggest that as load
mass increases to 30% BW the walking patterns adopted by female recreational hikers
are aimed at providing greater shock absorption and stability. Posture and subjective
data were all significantly affected by load mass, such that the self-reported RPE and
shoulder discomfort results suggest that carrying 30% BW was perceived as reasonable
by participants, whereas carrying 40% BW was considered excessive.
It was concluded that backpack load mass and hiking distance affect self-reported,
physiological and biomechanical responses to load carriage. The findings of this thesis
support a maximum load mass recommendation of 30% BW for experienced female
recreational hikers. Further research should address whether this recommendation needs
vi

to be modified for less experienced or conditioned female hikers, when hiking over
longer distances or over multiple days or when hiking in more challenging
environmental conditions and whether adherence to this recommendation assist female
hikers to reduce their risk of injury when participating in this popular recreational
activity.
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CHAPTER 1
The Problem

Introduction
Outdoor recreation encourages individuals to become active and fit, and it has been
shown that fit and active people reduce the economic strain on the community for health
services [1]. Outdoor recreation therefore provides multiple benefits for participants,
including psychosocial, psychological, spiritual and physical benefits [1], particularly
with regards to strength, co-ordination, balance and cardiovascular endurance [2].
However, while there is a lack of comprehensive data that accurately represents
participation in outdoor recreation activities [3], in recent years, recreational hiking, or
‘bushwalking’ as it is called in Australia, has become an increasingly popular outdoor
pursuit in many of the world’s developed countries [4-6]. The Participation in Sports
and Physical Recreation Report [7] provides the most recent source of information on
the participation of Australians in a wide range of activities. In the 12 month period
leading up to the 2006 survey, more than 700,000 Australians over 15 years of age
reported that they had been bushwalking, participation numbers similar to popular team
sports such as netball, football and rugby league. In addition, 66% went bushwalking
frequently (> 53 times in the 12 months prior to interview) and a further 15%
infrequently (27-52 times in the 12 months prior to interview). Interestingly, in
Australia, females had a slightly higher participation rate than males in bushwalking
(3.3% compared to 3.1% of those interviewed) [7]. The participation rates have also
increased in other western countries, such that in the United States, hiking is the fifth
most popular outdoor activity with 12% or 32.5 million participants [8].
Hikes can range from simple day hikes to multiple day expeditions, although the
actual distances and durations are rarely reported. In one study, Lobb et al. [9] surveyed
hikers (n = 702) from New Zealand hiking clubs. The respondents reported that they
hiked on average for five or more hours over distances of 11 km or more per day, over
one, two or more days. Due to the need to carry food, clothing and camping equipment,
a hiking backpack is possibly the most fundamental piece of equipment for those
seeking an outdoor experience. As a result, although the loads carried vary with terrain,
hike duration and the season of travel, backpack loads have been reported to range
1

from 3-65 kg or 5-77% body weight (BW) [9-11]. Modern hiking backpacks are
designed to maintain an individual’s dynamic stability while they are carrying a load by
bringing the centre of gravity of the backpack as close as possible to the midline of the
body and distributing the load to the hips to enable the backpack wearer to use the large
muscles of their lower limbs [12].
The prolonged duration and varying intensity of hiking can be demanding on
participants. As a result, hiking has been shown to contribute substantially to the
incidence of injuries in adventure tourism [9, 13], outdoor education [14-16] and
independent hiking [10, 17]. Injuries that occur in outdoor environments can make
medical care and/or evacuation challenging or even impossible, and therefore, strategies
to prevent their occurrence are vital. However, in spite of the increased participation in
outdoor recreation activities, limited data exists in the area of hiking injuries and
illnesses. One study reviewed the medical incidents and evacuations that occurred in a 3
year period at the National Outdoor Leadership School (NOLS) [18]. Of the 518 injuries
recorded, most were recorded during hiking (43.8%) and sprains and strains were the
most common injuries reported (55.2%). In addition, evacuation was required for 309
cases (59.6%), with fractures and strains and sprains the most common injuries
requiring evacuation. Previous studies have focused on specific types of injury faced by
hikers, including load-induced musculoskeletal and metabolic injuries [19, 20], high
altitude mountain sickness and wilderness specific infection [17]. In the available
literature reporting load-induced musculoskeletal injuries, strains, sprains or other
overuse injuries to the knees, ankles and feet are the most commonly reported injury
sites [9, 13, 14, 21] with falls/slips and overuse the leading contributing factors to these
injuries [4, 5]. Of greater concern, given their higher participation rate, females suffer
significantly higher injury rates than males participating in the same hiking or load
carriage activities in outdoor education [15, 16]. Therefore, identification of factors that
influence load carriage performance, potential risk factors and strategies for prevention
of injuries in recreational hikers, particularly for female recreational hikers, is
imperative.
Determining methods of load carriage that minimise the risk to the carrier has
been the subject of investigation for many years [22, 23], with researchers investigating
the physiological [24-27], postural [28, 29], gait [30-32] and subjective responses [3335] to load carriage. From this research, several factors have been identified that have
been shown to influence load carriage performance including: load mass [25, 28, 31, 32,
2

36]; load position [37-41]; gender [31, 42]; duration and distance [36, 43-45]; walking
speed [25, 46, 47]; terrain [48, 49] and backpack design [44, 50-52]. These factors, as
well as the physical characteristics of the individual [22, 53-55], have been implicated
in load carriage injuries. Historically, the most knowledge concerning these factors
comes from military-related studies [12, 23, 56-59], which is understandable given the
severe load carriage demands placed on military personnel. Although much can be
learned from military studies, the findings and recommendations from this research may
not be applicable to other populations such as recreational hikers who may differ in load
carriage experience, fitness and gender to military subjects. In addition, military studies
typically assess “standard military conditions”, such as using forced-paced marches,
absolute rather than relative loads and military load carriage systems usually with
webbing plus backpack and often while carrying a rifle.
The load mass that can be safely carried in a backpack has been the subject of
investigation for many years with researchers recommending maximum and/or optimum
load masses mostly for military populations. Optimum load mass has been defined as
one which enables the load carrier to retain the capability to perform other tasks, for
example, observation and navigation, or industrial tasks, at completion of load carriage
[60, 61]. While reduced performance at the end of a long or strenuous hike is generally
not considered as critical for hikers compared to military personnel [62], Charteris [63]
suggested that reduced performance could be potentially serious for hikers. That is, a
hiker at the end of a long hike or due to deteriorating weather conditions may have to
perform critical tasks such as navigation or erecting emergency shelter, tasks that may
be vital for survival. Given the potential for decreased performance and injury risk, a
reduction in backpack mass has been suggested as one prevention strategy to reduce
hiking-related injury [18]. Therefore, many load carriage studies have examined
physiological, biomechanical and subjective responses to load carriage often with an
objective to determine backpack load mass recommendations [24, 28, 31, 64, 65].
Although recommended load masses have been based predominantly on physiological
measures such as energy expenditure [49, 66, 67], recommended load masses for adults
based on biomechanical or subjective data have not been widely reported in the
literature [28, 68, 69] and no recommendations exist for recreational hikers. Although
the literature also recommends load mass guidelines for backpack load carriage in
school children of between 10%-15% BW [70-73], these school backpack load mass
guidelines are likely to be impractical for adult recreational hikers. Recreational hikers
3

often need to carry food, clothing and camping equipment and are exposed to load
carriage for longer periods than they would be during daily schoolbag load carriage
[74].
A comprehensive review of civilian and military load carriage studies was
conducted by Haisman [22]. This review led to the recommendation for load mass to be
one third of body mass (or 24 kg based on an assumed mean body mass of 72 kg). More
recently Dijk [75], in a review of military load carriage, also recommended that an
optimal load for a soldier was 30% BW and the maximum load should not exceed 45%
BW. This recommended 30% BW load mass has been adopted by the outdoor
recreational literature [76, 77]. However, the findings of the physiological [64, 65, 78,
79, 80] and biomechanical studies [12, 31, 81, 82] that contributed to Haisman’s [22]
recommendations, and more recent research on variables such as energy expenditure
[67, 83], decrements in critical task performance [62, 84] and subjective pain
measurement [69], suggest that loads ranging from 20%-56% BW can be carried.
Despite the wealth of load carriage research and the current load mass
recommendations, most of this research has been conducted on fit young men (mainly
soldiers), for durations of less than one hour, using forced-pace procedures, in
laboratories [23]; activities that are not consistent with recreational hiking [9]. Thus,
more research is required on the effects of load carriage for prolonged distances that
better reflect recreational hiking in order to bring greater certainty to load mass
recommendations for this population. Although prolonged load carriage distances have
been broadly defined, for the purpose of this thesis, studies where subjects carry load for
greater than 60 minutes duration or distances greater than 4 km have been reviewed to
reflect prolonged load carriage as they are similar to the durations and distances covered
by recreational hikers [9].
Physiological studies have consistently shown that heart rate and oxygen
consumption increase as load mass increases during short term load carriage (< 1 hour)
[24, 26, 27, 30]. The effects of prolonged load carriage on physiological parameters
have not been as clear. While some investigators have reported no significant
differences in oxygen consumption and HR for male soldiers walking on a treadmill at a
constant pace with loads that range from 33-66% BW for durations of 1-4 hours [26, 43,
65], others have reported increased oxygen consumption and HR [24, 25, 30, 44] after
male soldiers walked for 40 minutes to 4 hours with 30-64% BW loads. The differences
in the study results have been postulated to be related to a subject’s level of work
4

intensity. For example, Epstein et al. [36] found that, whereas the energy cost of load
carriage remained constant when exercise intensity was below 50% of maximum
oxygen consumption, when work intensity reached 50% of maximum oxygen
consumption, energy cost increased over a 2 hour period. However, most of these
previous studies were conducted with male subjects walking at a constant controlled
speed on a treadmill. In comparison to soldiers, recreational hikers have been reported
to operate over quite a wide range (25-70%) of their maximum oxygen consumption
[85] and, as they walk over-ground at a self-selected speed, they may modify their gait
to maintain a steady pace, matched to their preferred level of work intensity as load
mass and/or distance increase. Where subjects are able to self-pace they select
decreasing relative energy expenditure from 46% to 40-36% of maximum oxygen
consumption by selecting slower walking velocities as load increases [25, 86, 87] and as
the duration of exercise increases from 1 to 2.5 - 6.5 hours [88].
Alteration of gait and posture have been reported in previous studies and may help
to explain the increase in energy cost associated with load carriage, as well as the
mechanisms that may lead to load carriage injuries. The increased energy cost over time
has been postulated to be a result of several factors including increased body
temperature, increased minute ventilation, a shift in substrate utilisation, increased
blood lactate, as well as a reduction in mechanical efficiency due to altered gait
biomechanics [24, 25], all of which have also been associated with fatigue [89]. After
fatiguing exercise, biomechanical and neuromuscular factors such as muscle activation
patterns [90, 91], kinematics and kinetics [90, 92] are altered. In addition, epidemiologic
research suggests a relationship between fatigue and musculoskeletal injury rates [93].
Pre-existing gender differences in various biomechanical and neuromuscular factors
[94, 95] may also be amplified by fatigue caused by prolonged load carriage.
Previous studies have found that both vertical and anteroposterior ground reaction
forces increase proportionally to backpack load mass [28, 96, 97]. Although the impacts
produced during load carriage are not high, recreational hikers can cover 7-11 km or
more per day [9, 98, 99], generating approximately 5000-9000 impacts per day of
hiking [96, 99]. These impacts propagate from the ankles, knees and hips into the spine
and are attenuated by the body’s anatomical structures, in conjunction with the
coordinated motion of the lower limbs and muscular action [100]. The inability of the
body to continually absorb these higher ground reaction forces over extended time
periods, as is required in hiking and with fatigue, may explain the high incidence of
5

overuse lower limb injuries, in particular, stress fractures of the tibia and metatarsals
and knee joint problems [101, 102]. As load mass will influence the overall impact
forces that the lower limb is exposed to, studying ground reaction forces during load
carriage is therefore vital in understanding and preventing lower limb injuries.
Load carriage studies have consistently found that, as load increases, the
percentage of stride spent in double support increases [31, 103, 104], providing greater
stability as well as distributing the higher ground reaction forces over both lower limbs
[28, 32]. The effects of increasing load on spatio-temporal gait parameters such as stride
length, walking velocity and cadence while subjects walk at a self-selected speed have
not been as clear [32]. Furthermore, the literature has been mostly inconclusive as to
whether sagittal plane lower limb kinematics are altered during load carriage. Some
investigators have reported no significant differences in sagittal plane joint kinematics
with loads that range from 10-60% BW [96, 105] while others have reported increased
knee flexion and ankle dorsiflexion while carrying loads ranging from 20-66% BW [2830]. Where kinematic changes have been found, the researchers have suggested that the
spatio-temporal and lower limb sagittal plane kinematic gait adaptations are required to
maintain stability and aid in shock absorption to reduce the impact forces on the lower
limb during load carriage [28, 30, 31]. Results of these studies, however, have been
difficult to interpret, given differences in subject populations (e.g. male military
populations, inexperienced college students), the use of varying absolute or relative load
mass, having subjects walk at a fixed or self-selected speed and the walking durations
and distances used in the studies.
The effect of prolonged load carriage on gait biomechanics has not been widely
investigated and the results of the studies located are inconsistent [45, 106].

For

example, Frykman et al. [106] reported decreases in mid-stance sagittal hip and knee
angles (knee angle 159 ± 3.8º to 158 ± 4.3º), stride time (1.56 to 1.53 s) and stride
length (1.15 to 1.13 m) in male soldiers at the end of a 20 km march. In contrast, Ling et
al. [45] reported no changes in spatio-temporal, hip, knee or ankle joint excursion in
females after 56 minutes of treadmill load carriage, however, the very conservative level
of significance (p < 0.005) may have contributed to the lack of significant findings.
Quesada et al. [30] found a decrease in early stance knee moments and knee flexion of
subjects following 40 minutes of marching with 15% and 30% BW loads. Quesada et al.
[30] suggested that fatigue of the quadriceps may have contributed to the knee moment
6

and knee joint motion changes resulting in the knee not being able to function as
effectively to absorb the impact forces [30, 106] as distance increased. Unfortunately,
muscle activity data were not collected during this study so it is not possible to refute or
substantiate this notion.
Although the kinematic changes with increasing load mass have been suggested as
positive adaptations to maintain stability and attenuate the impact forces on the lower
limb [28, 29, 31, 46], they may require increased muscle activity. During short term
load carriage, increased load mass has been found to increase gastrocnemius and
quadriceps muscle activity [46, 107, 108], whereas hamstring and tibialis anterior
activity appear unaffected [32, 46, 82]. However, Harman et al. [32] found that while
gastrocnemius activity increased when subjects carried loads up to 33 kg (42% BW), no
further change was seen as load increased to 47 kg (61% BW). In contrast, quadriceps
muscle activity continued to increase as load increased from 33 kg to 47 kg, leading the
authors to speculate that the musculature surrounding the knee may play a greater role
than the ankle musculature when carrying heavy loads. It is proposed that increased
quadriceps and gastrocnemius activity compensates for the additional load by modifying
lower limb joint motion for shock absorption early in the gait cycle and stability
throughout gait, as well as assisting in gait propulsion [100]. In confirmation of this,
Quesada et al. [30] showed that the hip and ankle joint loading patterns did not change
in response to carrying 15% and 30% BW, although the knee joint moments increased
by 94.5% and 195%, respectively, compared to carrying no load. This lead the authors
to confirm that the musculature surrounding the knee, particularly control of the
quadriceps muscles, appear to be the most affected by increased load mass.
Despite the important functions that the quadriceps muscles have during load
carriage in dynamic stability and shock absorption [30, 32], no information is available
concerning the effects of prolonged load carriage on the quadriceps muscles. Only one
study [44] was located that directly examined the effect of prolonged load carriage on
muscle activity, although tibialis anterior and gastrocnemius were the only muscles
examined when male soldiers carrying 34.6 kg (42% BW) walked on a treadmill for 4
hours. Roberts et al. [44] found no changes in gastrocnemius activity, although tibialis
anterior fatigued over the 4 hour duration. Local muscle fatigue of tibialis anterior may
indicate that the shock absorbing role of the ankle is reduced [100] with the
musculoskeletal system less able to attenuate ground reaction forces during prolonged
7

load carriage [109, 110]. Additionally, trips, stumbles and falls may result if the role of
tibialis anterior in ensuring adequate toe clearance is compromised, particularly if the
hiker is walking over rough, uneven terrain. Further research that examines the effect of
prolonged load carriage on variables that characterise gait and muscle fatigue in
recreational hikers is therefore warranted.
Postural measures have often been used to examine responses to load carriage [29,
32, 45, 111], and have consistently found increased forward flexion of the trunk [28, 31,
112] even with loads as low as 15% BW in adults [40] during short term load carriage.
It is assumed that forward trunk flexion results from a need to move the mass of the
backpack closer to the body’s centre of mass for walking stability [113]. However,
increased forward trunk flexion may contribute to back pain or injury by stressing spinal
ligaments and/or muscles or by increasing the lumbosacral forces on the spine [112,
114]. The two studies located examining trunk posture during prolonged load carriage
have reported contrasting results. Frykman et al. [106] reported increased forward trunk
flexion after male soldiers (pre = 78.1 ± 6.0º; post = 75.4 ± 7.6º) completed a 20 km
road march carrying 47 kg. In contrast, Roberts et al. [44] reported no differences in
trunk angle (73º) after male soldiers walked for 4 hours on a treadmill with a 36.4 kg
(42% BW) load. As the subjects in both studies were trained male soldiers the different
results are likely due to the subjects in latter study walking on a treadmill at 2% grade,
which may have exacerbated forward trunk flexion and, therefore, not shown any
further changes with increased walking duration.
While the effects of load carriage on physiological and biomechanical variables
have been the subject of previous studies, subjective measures such as ratings of
perceived exertion and measurement of pain and discomfort have also been used to
evaluate load carriage and provide load mass recommendations [115, 116]. Previous
studies have reported that ratings of perceived exertion are significantly higher as load
mass increases [30, 33, 117]. However, the perceived level of exertion varies between
subject populations, with male civilians [33, 117] rating similar loads as being more
difficult than male military subjects [26, 27]. It has been suggested that local discomfort
may dominate perceptions of exertion resulting in increased ratings of perceived
exertion [117]. In studies of male soldiers, the shoulder is typically reported to be the
most painful and uncomfortable body region when carrying loads between 15% BW and
70% BW [43, 118, 119] and as a result it has been suggested that the shoulder region
8

may play a strong role in determining load carriage limits [69]. The neck, upper back
and hips are other common body regions reported as having pain or discomfort during
prolonged load carriage [35, 69]. Using hikers’ own perceptions of the effects of
variations in load mass during prolonged load carriage may therefore be a useful
approach in attempting to develop load mass guidelines, especially if the results are
used in conjunction with objective measures such as heart rate and biomechanical
parameters. In addition, as females have less strength than males of comparable size
[120], their perceptions of load carriage may differ to those of men.
Despite the positive association between hiking injury and female gender [15, 16,
35], there is limited research on the responses of females to load carriage. Researchers
have shown that, because of reduced upper body and torso strength, women experience
greater difficulty and typically do not perform as well as men when carrying heavy
loads [22, 42, 121]. It is generally acknowledged that females have 30-50% of the upper
body strength and 70% of the lower body strength of a male counterpart of comparable
body size [120]. In addition, females tend to have lower circulating blood volume and
lower hemoglobin than men, and consequently have 15-30% lower maximum oxygen
uptake. Females may also perceive load carriage tasks as more difficult than males
[122], and may fatigue more rapidly than males for both cardiovascular and metabolic
reasons [120].
Martin and Nelson [31] studied the effect of load carriage on the walking patterns
of males and females while carrying 29 kg (40% BW) and 36 kg (50% BW) loads in a
backpack and walking at 1.78 m.s-1. They found that females increased their stride rate
and decreased their stride length, single support time and swing time more than males.
The differences in stride length and stride rate indicate that females require a greater
number of steps over a given distance than males and, therefore, the potential for the
development of acute and chronic injuries due to repeated mechanical stresses are likely
to be greater for females [31]. Ling et al. [45] also reported that women adopt neck
hyperextension and shoulder protraction postures when carrying loads, possibly to
compensate for weaker upper body muscle strength. Shoulder strap skin pressures have
also been reported to be higher for females than for males [42], possibly due to the
backpack weight being distributed over a smaller shoulder area for females than males
[115]. As 70% of the backpack mass is supported by the upper back and shoulders [50],
females may be more affected by shoulder discomfort than males and may be unable to
tolerate the same relative load masses as males.
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As females comprise 50% of the participants in a variety of outdoor activities,
including recreational hiking [7, 16], as well as have a higher incidence of injuries than
male recreational hikers [14, 123], a better understanding of the effects of prolonged
load carriage on female recreational hikers is paramount. No study was located which
has examined the biomechanical, physiological and subjective responses of female
recreational hikers to prolonged load carriage. In addition, although it has previously
been suggested that the recommended load mass guidelines for females should be lower
than males to account for physiological and biomechanical differences between the
genders [22, 31], what this recommended load mass should be has not been determined.
Therefore, determining load mass recommendations for this cohort is imperative to
assist female recreational hikers to minimise their risk of injury and, maintain
performance while enhancing their outdoor hiking experience.

Statement of the Problem
The aim of this thesis was to determine the effect of variations in load mass during
prolonged load carriage on the performance of female recreational hikers. These data
will provide evidence upon which to develop load mass guidelines for this cohort of
recreational hikers. To achieve this aim, this thesis was completed in two sections and
involved three experimental studies. The aim of each chapter and how these individual
chapters systematically contributed to addressing the overall aim of the thesis are
described below and depicted in Figure 1.
Before the main experimental studies could be conducted it was imperative to
establish a reliable and valid methodology. The same backpack was used in all studies,
backpack specifications are detailed in Appendix B. Section A therefore aimed to
determine the backpack loading methodology to be used in Section B and was
accomplished by establishing (1) the appropriate control condition for load carriage
studies (Chapter 2) and (2) whether the vertical position of the load impacted load
carriage performance (Chapter 3). While previous load carriage studies have used either
an unloaded backpack or no load/backpack as the control condition [70, 111, 124], it
was unknown whether changes that occur during load carriage due to an increase in load
mass are truly caused by increased load and not merely changes associated with wearing
an unloaded backpack. Therefore, the aim of Chapter 2 was to determine whether there
were any differences in the biomechanical variables characterising gait when carrying a
10

backpack with no additional load compared to walking without a backpack.
Furthermore, it has been reported that the position of the load in a backpack influences
load carriage performance [37-41]. Positioning the load close to the back and the body’s
centre of gravity has been reported to minimise energy expenditure [125] and promote
stability during walking [12]. However, the effects of vertical load position are not as
clear and it is unknown whether vertical load position has a significant effect on
physiological, biomechanical or subjective variables on female hikers. Therefore, the
aim of Chapter 3 was to establish whether vertical load position (high, medium, low)
was an important factor in loading a backpack for female recreational hikers.
The aim of Section B was to investigate the effects of load mass and distance in
load carriage on the biomechanical, physiological and subjective parameters of female
recreational hikers (Chapters 4, 5 & 6). The results of Section B extend the current
knowledge regarding recreational load carriage and increase the evidence base upon
which load mass guidelines for female recreational hikers can be developed. It is
anticipated that these recommendations could ultimately benefit females who engage in
recreational hiking and have the need to carry load by lessening their risk of injury and
enhancing their outdoor hiking experience so that they continue their participation in
outdoor recreational activities and gain the associated benefits of this activity.
The number of subjects recruited for each of the experimental studies was based
on the method described by Bach and Sharp [126] to determine the sample size required
to demonstrate a difference between control conditions (Chapter 2), load position
(Chapter 3) and load and distance (Chapters 4, 5 and 6) with adequate statistical power.
Mean and standard deviation data used to calculate expected differences in kinematic
and kinetic variables between factors were based on data from past load carriage studies
specific to the factors being investigated [28, 31, 32]. When coupled with the complex,
expensive and time consuming data collection and analysis procedures required, 80%
power was considered acceptable [126] for the studies.
All of the studies have been accepted for publication in, or submitted to an
internationally peer-reviewed journal (see Publications page (iii)). The style of each of
these chapters is in the style of the journal to which the paper has been submitted,
except for heading formats and referencing. Each study is reproduced in its entirety.
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Thesis Aim
The aim of this thesis was to determine the effect of variations in load mass during
prolonged load carriage on the performance of female recreational hikers.

Section A

Section B

Chapter 4
The purpose was to investigate the
effects of increasing load mass and
load carriage distance on gait in
recreational female hikers.

Chapter 2
The
purpose
was
to
determine whether there
were any differences in
biomechanical
variables
characterising gait when
carrying a backpack with no
additional load compared to
walking without a backpack.

Chapter 5
The purpose was to investigate the
effects of increasing load mass and
load carriage distance on lower limb
muscle
activity
in
female
recreational hikers.

Chapter 3
The
purpose
was
to
determine whether vertical
load position (high, medium
or low) affects gait and
subjective responses of
female recreational hikers
during load carriage.

Chapter 6
The purpose was to determine how
variations in load mass affected the
heart rate, postural and subjective
responses of female recreational
hikers during a prolonged hike.

Recommendations
The results from these studies will extend the current knowledge regarding recreational
load carriage and increase the evidence base upon which load mass guidelines for female
recreational hikers can be developed.

Figure 1.

Schematic representation of the structure of this thesis to achieve the
thesis aim.
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CHAPTER 2
Backpack versus no backpack: What is the appropriate control
condition for females in load carriage studies?
This chapter is an amended version of the manuscript: Simpson K, Munro BJ, Steele JR.
2010. Backpack versus no backpack: What is the appropriate control condition for
females in load carriage studies? Submitted to Journal of Applied Biomechanics,
October 2010.

Abstract
To establish an appropriate control condition for load carriage studies, this investigation
aimed to determine whether there were any significant differences in the biomechanical
variables characterising gait when carrying an unloaded backpack compared to walking
without a backpack. Nine females (mean age 22.3 years) walked 1 km without a
backpack (No Backpack) and while carrying an empty backpack (Backpack). No
significant between-condition differences were found in any of the kinematic, ground
reaction force or muscle activity variables characterising the subjects’ gait. However,
compared to No Backpack, the Backpack condition induced a significant (p < 0.05)
increase in double support time and decrease in single support time, although the
absolute differences were very small and unlikely to be functionally relevant. As the
biomechanical variables characterising gait were similar when carrying an unloaded
backpack compared to walking without a backpack, either condition can serve as the
control condition in load carriage studies.

Introduction
Numerous studies have examined the effects of carrying backpack loads in a diverse
range of populations such as military personnel [1, 2], recreational hikers [3, 4] and
school children [5, 6]. These studies have focused on determining the optimum load or
methods of load carriage to reduce the physical stresses associated with load carriage,
or to improve performance, safety and comfort of load carriage in these groups. Most
studies evaluating the biomechanical or physiological changes associated with load
carriage have examined changes in relevant variables as a consequence of carrying load
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compared to a no-load control condition. Interestingly, this no-load control condition
has varied between studies, with some researchers using an unloaded backpack as the
control condition [6-8] whereas others have used no backpack and, in turn, no load as
the control condition [2, 5, 9]. However, no study was located which has determined
whether there were any differences in gait as a consequence of variations in the
“control” condition. Determining the appropriate control condition for load carriage
studies is imperative to ensure that any between-condition differences in gait and
posture are truly caused by increased load and not merely changes associated with
wearing an unloaded backpack. Therefore, the purpose of this investigation was to
determine whether there were any differences in the biomechanical variables
characterising gait when carrying a backpack with no additional load compared to
walking without a backpack. It was hypothesised that there would be no differences in
sagittal plane kinematics, spatio-temporal, ground reaction forces or lower limb muscle
activity patterns between conditions.

Methods
Participants
Nine healthy, active females (mean age = 22.3 ± 3.9 years; height 1.66 ± 0.06 m; mass
65.4 ± 9.0 kg) volunteered to participate in the study. The participants were free from
any relevant musculoskeletal, neurological, cardiovascular or respiratory condition to
eliminate any possible compensatory changes in lower limb kinematics, kinetics or
muscle activity as a result of pathology or injury. The experimental protocol was
approved by the University of Wollongong Human Research Ethics Committee
(HE03/160) and all participants gave written informed consent prior to data collection.

Experimental Protocol
Participants were required to walk a 1 km load carriage course at a self-selected speed
under two randomly allocated conditions; (i) carrying a backpack with no additional
load (Backpack) and (ii) not wearing a backpack (No Backpack). For the Backpack
condition an Alpamayo ND Crossbow (60 L; 2.9 kg; Lowe Alpine, UK) hiking
backpack was worn by the participants over both shoulders with the hip belt tightened.
The backpack was a standard medium capacity hiking backpack capable of carrying
loads up to 30 kg and consisted of a harness designed for females with an adjustable
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back length that accommodated a range of participants (see Appendix B). For each
condition, the participants walked a 40 m circuit for 15 laps (600 m in total) in a figureeight configuration, followed by two laps of a 200 m circuit, all in the Biomechanics
Research Laboratory at the University of Wollongong. Ten trials of data were collected
at the start (0 km) and at the end (1 km) of the load carriage course. For each data
collection trial, the participants walked along a 9 m level walkway and across a force
platform positioned in the centre of the walkway while kinematic, ground reaction force
and electromyographic data were collected. The participants completed the trials for
each of the two conditions in a single test session, with sufficient rest between the two
conditions to minimise any fatigue effects. Participants wore their own athletic
footwear, t-shirt and shorts and did not participate in any strenuous activity 24 hours
before testing.

Data Collection and Analysis
Three-dimensional kinematic data were collected (100 Hz) using an OPTOTRAK 3020
motion analysis system (Northern Digital Inc., Ontario, Canada). Five infrared emitting
diodes (IRED) were placed on the 5th metatarsal head, lateral malleolus, femoral
epicondyle, greater trochanter and acromium to define the foot, leg, thigh and trunk
segments of the left side of each participant during the stance phase of gait. After
filtering the kinematic data using a fourth-order low-pass Butterworth filter (ƒc = 7 Hz),
sagittal plane ankle, knee and trunk angles (°) were analysed during stance. Spatiotemporal gait variables of stride length, cadence, velocity, single and double support
time for the 9 m walking trial were also calculated using images from a Sony digital
video camera (model DCR-TRV50E, 25 Hz), positioned perpendicular to the walkway,
and HU-M-ANTM software (HMA Technologies, Ontario, Canada, Version 3, 1998).
The ground reaction forces generated during walking were collected (1000 Hz)
using a 600 x 400 mm Kistler Multichannel force platform (Type 9253A, Kistler
Instruments AG Winterthur, Switzerland) embedded flush with the laboratory floor. The
vertical ground reaction forces were used to determine stance time (s), and the time of
initial contact and toe-off, which were deemed to have occurred when the force
magnitude deviated 20 N from baseline. The magnitude (normalised to body weight
(BW)) and timing (% stance time) of the peak braking, peak propulsive and minimum
peak of the vertical and anteroposterior ground reaction forces were then calculated.
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Electromyographic data were collected (1000 Hz) for vastus lateralis, biceps
femoris, semitendinosus, tibialis anterior and the medial head of gastrocnemius using a
Noraxon Telemyo System (Noraxon Oy, Germany, 16-500 Hz bandwidth) and bipolar
silver-silver chloride electrodes, after standard preparation [10]. The raw muscle activity
data were full wave rectified and filtered using a fourth order zero-phase-shift
Butterworth low pass filter (ƒc = 20 Hz) to obtain linear envelopes. A threshold set at
10% of the maximum threshold of the burst of interest was then applied to the
envelopes to determine the onset and offset of each muscle burst [10].
After testing for normality using Kolmogorov-Smirnov tests with Lilliefors’
correction and equal variance using a Levene Median test, the variables were analysed
using paired sample t-tests to determine whether there were any significant (p < 0.05)
differences in the selected kinematic, ground reaction force or muscle activity variables
between the Backpack and No Backpack conditions.

All statistical analyses were

conducted using SPSS Software (Version 11.0, SPSS Science, Chicago, USA).

Results
Participants spent significantly more time in double support and significantly less time
in single support when walking in the Backpack compared to the No Backpack
condition (see Table 1). However, aside from this difference, there were no other
significant between-condition differences in any of the kinematic, spatio-temporal,
ground reaction force or muscle activity variables (see Table 1, 2 and 3).

Discussion
The results of this study indicate that the sagittal plane kinematics, ground reaction
forces and muscle activation patterns displayed during gait were mostly unchanged
when the participants walked without a backpack compared to walking with an
unloaded backpack. The relatively small increase in double support found in the present
study may have been a backpack-induced gait adjustment caused by movement of the
empty backpack against the torso, potentially affecting stability while walking.
However, given the relatively small absolute differences, 1.2% for both variables, it is
unlikely to be functionally relevant in load carriage studies.
Although only one backpack model was investigated in this study, and the female
participants were able to walk at a self-selected speed, it is postulated that minimal
differences in gait would be evident using most unloaded standard backpacks or when
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gait speeds are imposed on the participants as a consequence of the backpack. Even
though male and female gait patterns have been shown to differ to each other [11], it is
also postulated that males would display similar gait responses to the unloaded and No
Backpack condition as the female participants in the present study. Therefore, as the
backpack condition did not affect gait after 1 km of walking, we recommend that either
condition can be selected as the control condition.

Table 1 Mean (standard deviation) kinematic and spatio-temporal variables displayed
by the participants (n = 9) when walking during the Backpack and No
Backpack conditions.
Variable

Backpack

No Backpack

t-value

p-value

Minimum

111 ± 3

112 ± 4

-0.817

0.437

Maximum

139 ± 5

139 ± 6

-0.163

0.874

Range of motion

28 ± 3

28 ± 5

0.597

0.567

Minimum

142 ± 8

141 ± 7

1.375

0.207

Maximum

177 ± 8

173 ± 6

2.105

0.068

Range of motion

35 ± 4

33 ± 4

0.958

0.366

81 ± 2

81 ± 2

1.375

0.207

Ankle angle (°):

Knee angle (°):

Trunk angle (°):
Minimum
Maximum

95 ± 3

96 ± 2

-0.672

0.521

Range of motion

14 ± 4

15 ± 2

-0.674

0.519

Stride Length (m)

1.49 ± 0.10

1.50 ± 0.07

-0.920

0.385

Velocity (m/s)

1.48 ± 0.14

1.51 ± 0.12

-0.894

0.397

117 ± 8

120 ± 6

-0.999

0.347

Single support time (%)

62.7 ± 2.8

63.9 ± 2.6

-4.466

0.002*

Double support time (%)

21.1 ± 2.9

19.9 ± 2.7

-4.260

0.003*

Spatio-temporal gait variables:

Cadence (steps/min)

*denotes a significant between-condition difference at p < 0.05
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Table 2. Mean (standard deviation) ground reaction force variables displayed by the
participants (n = 9) when walking during the Backpack and No Backpack
conditions.
Variable

Backpack

No Backpack

t-value

p-value

Vertical ground reaction force:
Fy1 (BW)

1.25 ± 0.08

1.29 ± 0.09

-1.490

0.173

Fy2 (BW)

0.61 ± 0.07

0.61 ± 0.11

-0.070

0.943

Fy3 (BW)

1.25 ± 0.11

1.25 ± 0.11

-1.200

0.262

Ty1 (% stance)

21.6 ± 1.8

21.8 ± 2.6

-0.536

0.607

Ty2 (% stance)

49.6 ± 2.5

49.6 ± 1.5

0.043

0.967

Ty3 (% stance)

79.0 ± 1.7

78.9 ± 1.5

0.049

0.637

Anteroposterior ground reaction force:
Fx1 (BW)

0.27 ± 0.04

0.29 ± 0.04

-1.790

0.111

Fx2 (BW)

-0.30 ± 0.03

-0.30 ± 0.03

0.240

0.818

Tx1 (% stance)

16.9 ± 1.6

16.7 ± 1.5

0.919

0.385

Tx2 (% stance)

86.7 ± 1.5

86.8 ± 1.6

-0.575

0.531

Fy1 = impact peak of the vertical ground reaction force (GRF); Fy2 = minimum vertical GRF;
Fy3 = propulsive peak of the vertical GRF; Fx1 = peak braking anteroposterior GRF; Fx2 =
peak propulsive anteroposterior GRF; Ty1= time to Fy1; Ty2 = time to Fy2; Ty3 = time to Fy3;
Tx1 = time to Fx1; Tx2 = Fx2; BW = body weight

Table 3. Mean (standard deviation) muscle activation patterns variables displayed by
the participants (n = 9) when walking during the Backpack and No Backpack
conditions.
Variable
Muscle burst
duration (ms)

Muscle burst onset
time to IC (ms)¥

Muscle

Backpack

No Backpack

t-value

p-value

TA

378 ± 157

369 ± 137

0.613

0.559

GM

343 ± 58

353 ± 49

-0.966

0.366

VL

276 ± 36

274 ± 30

0.226

0.827

ST

315 ± 124

318 ± 109

-0.261

0.802

BF

260 ± 67

247 ± 44

1.139

0.292

TA

-242 ± 123

-272 ± 142

-1.632

0.147

GM

-172 ± 53

-162 ± 61

-1.433

0.202

VL

-111 ± 26

-112 ± 29

-0.075

0.942

ST

-184 ± 21

-187 ± 23

-0.839

0.429

BF

-191 ± 21

-191 ± 21

-0.253

0.808

¥ a negative value indicates muscle burst onset occurred before initial contact (IC)
TA = tibialis anterior; GM = gastrocnemius; VL = vastus lateralis; ST = semitendinosus; BF =
biceps femoris
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Abstract
Recreational hikers carry heavy loads while often walking long distances over uneven
terrain. Previous studies have suggested that not only the load mass but also the position
of the load may influence load carriage. The purpose of this study was to determine the
effect of vertical load position on gait and subjective responses of female recreational
hikers. Fifteen experienced female hikers walked for 2 km over a simulated hiking trail
carrying 30% BW in three vertical load positions (high, medium and low). Lower limb
and trunk kinematic, electromyography (EMG) and ground reaction force (GRF) data
were collected together with heart rate (HR), rating of perceived exertion (RPE) and
discomfort measures. Although HR, RPE and discomfort measures were not able to
discern statistical differences between load positions, the high load position was the
most preferred by participants. The high load position resulted in a more upright posture
(p < 0.001) and decreased gastrocnemius integrated EMG compared to the medium (p =
0.005) and low load positions (p = 0.020) and a higher first peak deceleration vertical
GRF compared to the low load position (p = 0.011). However, the absolute betweencondition differences were small and unlikely to be functionally relevant in load
carriage studies. These findings suggest that load position does not elicit significant gait
modifications or significantly affect subjective responses in experienced female hikers
when carrying a load of 30% BW.

Introduction
The backpack is a versatile and common form of manual load carriage often used by
recreational hikers, school students and the military, and is possibly the most
fundamental piece of equipment for those seeking an outdoor experience. Determining
safe and efficient methods of load carriage has been the subject of investigation for
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many years with researchers examining physiological [1, 2], postural [3, 4], gait [5, 6]
and subjective responses [7, 8]. Not surprisingly, the most knowledge about load
carriage comes from military-related studies [9], the findings of which may not be
applicable to other load carrying populations such as recreational hikers who differ in
age, gender, fitness and experience [10, 11] to military personnel.
Load carriage has been associated with an increased risk of musculoskeletal
disorders in the back and upper and lower limbs in recreational hikers [10, 12] with
females suffering significantly higher injury rates than males when participating in the
same hiking activities in outdoor education [12, 13]. Reducing backpack weight has
been suggested as one prevention strategy to reduce hiking-related injury [14] with
previous research recommending 30% body weight (BW) as the maximum load for
healthy adult males [15]. Altering the position of the centre of mass (COM) of the load
within the backpack is another strategy that has been suggested as a way of influencing
energy expenditure, body mechanics and minimising the physical stress of load carriage
[16].
Although there is a general recommendation for a high positioning of the load
[16], the effect of changing the vertical position of load has received limited attention
and the results of available studies are inconsistent. For example, Stuempfle et al. [16],
Obusek et al. [17] and Bobet & Norman [18] found that metabolic, cardiorespiratory
and subjective variables, together with muscle activity of the erector spinae and
trapezius, were lowest when load was placed in a high position (approximately level
with thoracic vertebrae 1-6). In contrast, Johnson et al. [19] found no significant
differences in oxygen consumption with three load positions (high, medium and low)
and Devroey et al. [20] found no significant differences in erector spinae, trapezius or
rectus abdominis muscle activity or heart rate between loads concentrated at a lumbarlevel compared to a thoracic-level position. Results of these studies have been difficult
to interpret, however, given differences in subject populations (e.g. male military
populations or inexperienced hikers), the use of differing absolute and relative load
mass, variations in load positioning, and having subjects walk at a fixed or self-selected
speed. Irrespective of these study variations, both high and low load positions have been
found to induce forward flexion of the trunk, with greater flexion found when the load is
placed in a low compared to a high position [19, 21, 22]. This increased trunk flexion
together with possible increased muscle activity [16-18] may place the load carrier at
increased risk of low back pain due to the increased lumbosacral forces on the spine
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[23] as well as increased discomfort, particularly in the neck, shoulders and lower back.
In fact, Johnson et al. [19] found that their male subjects ranked a low load position with
the poorest overall acceptability, due mainly to the increased forward trunk flexion
resulting in neck and back soreness.
Interestingly, although load placed in a high position is associated with a more
upright posture, it has been suggested that loads in high positions tend to destabilise an
individual while standing and walking to a greater extent than a low load position [22,
24]. As evidence of the increased need for stability during gait, Harman et al. [22] found
increased double support when their female subjects carried a backpack (73% BW) that
had a higher COM than one with a lower COM. Consequently, it has been suggested
that a low or mid load position might be preferable to maintain walking stability on
uneven terrain [9]. However, other studies investigating male soldiers carrying loads of
36 kg [19] and 15% BW [20] have not found any differences in kinematics or spatiotemporal parameters when subjects carried a load in a low and high position. Therefore,
due to the conflicting results in the related literature, possibly as a consequence of the
different loads, positions, subject samples and parameters being investigated, it is
unknown how load position affects the biomechanical variables characterising gait in
recreational hikers, particularly female recreational hikers who are estimated to
comprise 50% of recreational hikers in Australia [25]. Therefore, the purpose of this
investigation was to determine whether vertical load position (high, medium or low)
affects the biomechanics of gait and subjective responses of female recreational hikers
when carrying the recommended load of 30% BW. Based on previous research, it was
hypothesised that the high load position would result a more upright posture, lower RPE
and discomfort scores and changes in lower limb kinematics and increase double
support. The findings of this study will be used to develop recommendations on how to
position load during load carriage for this population.

Methods
Participants
Fifteen healthy, active females (mean age = 21.6 ± 2.8 years; height = 1.65 ± 0.05 m;
mass = 62.3 ± 6.9 kg) volunteered to participate in the study. Participants were recruited
from recreational hikers within the general student population at the University of
Wollongong, Australia. To be eligible to participate in the study, the participants had to
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be free from any significant musculoskeletal or neurological disorders that could affect
their gait, have completed one overnight hike in the past 12 months and have experience
carrying a backpack with loads of 20%-30% BW. Information relating to each
participant’s health status and physical activity were obtained through a screening
questionnaire that comprised questions from the American Sports Medicine pre-exercise
screening guidelines [26] and the Physical Activity Rating (PA-R) Scale [27]. The
experimental protocol was approved by the University of Wollongong Human Research
Ethics Committee (HE05/016) and all participants gave written informed consent prior
to data collection.

Experimental Protocol
During testing, participants were required to walk a 2 km load carriage course at a selfselected speed carrying 30% BW in a backpack under three randomly allocated load
position conditions: high, medium and low. Following familiarisation with the load
carriage course, backpack, equipment and testing protocols, each participant was then
prepared for electromyography (EMG) and kinematic data collection.
For each condition, participants walked a 2 km figure-of-8 indoor circuit, which
included a simulated hiking trail to add variety to the load carriage course, typical of
what may be encountered during hiking. The simulated walking trail was 50 m in length
and included four obstacles resembling those commonly found on rough terrain, such as
low step over logs, stepping stones and a single log bridge (see Figure 1). Then, for each
data collection trial, the participant walked along a 9 m level walkway and across a
force platform positioned in the centre of the walkway while kinematic, ground reaction
force (GRF) and EMG data were collected at the start (0 km) and at the end (2 km) of
the load carriage course. Participants completed all conditions, as well as a baseline trial
(0% BW), which was used to normalise the EMG data, in a single testing session on the
same day, with sufficient rest between each condition to minimise fatigue. Subjects
wore their own shoes and shorts.

Backpack Load Position
Participants carried a modified Alpamayo ND Crossbow backpack (60 L; 3.2 kg; Lowe
Alpine, UK), fitted according to the manufacturer’s instructions with the shoulder and
hip belt tightened to participant comfort. Within the backpack a metal tray was attached
to the metal stays of the backpack and was loaded with 30% of the participant’s BW
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(mean backpack mass = 18.6 ± 2.1 kg) using lead weights. The weights were bound
together and secured to the metal tray with tape. This allowed for alteration of the COM
of the load in the backpack to be placed in a low load position (aligned with lumbar
vertebrae 1-5), high load position (thoracic vertebrae 1-6) and medium load position
(thoracic vertebrae 7-12) with 22 cm between each load position and the COM of the
backpack in the horizontal plane to be a consistent distance (6 cm) from the spine. The
buckle-to-strap distances measured for the shoulder straps, chest strap and hip belt
remained the same to ensure consistency in backpack fit between conditions.

50 m obstacle course
Stepping
stones

Position sensor

Video camera

3.1 m
Log
walk

Force platform

Step over
log

Step over
log

9 m walkway

40 m figure 8 circuit

Laboratory

Figure 1

Schematic diagram of the load carriage course, the setup for data
collection and the obstacle course used during the testing session.

Ground Reaction Forces
Ground reaction force signals were collected for 4 s at 1000 Hz in synchronisation with
the kinematic and EMG data using a Kistler multichannel force platform (Type 9253A,
Kistler Instruments AG Winterthur, Switzerland) embedded flush with the laboratory
floor. The four vertical (y), two anteroposterior (x) and two mediolateral (z) force
channels were summed and scaled to obtain force-time curves in three orthogonal
directions. For each load position, GRF parameters (detailed in Table 1) for five
successful trials were determined and averaged. A trial was deemed successful if the
participant’s left foot contacted the centre of the force plate and a natural gait pattern
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was maintained. The vertical GRF data were used to determine initial foot-ground
contact (IC) and toe-off (TO), which were deemed to have occurred when the vertical
GRF deviated by 20 N from the zero baseline. Force measurements were normalised
relative to each participant’s body weight.

Kinematic Data
Three-dimensional kinematic data characterising each participant’s gait were collected
for 4 s at 100 Hz using an OPTOTRAK 3020 motion analysis system (Northern Digital
Inc., Ontario, Canada). Eight infrared-emitting diodes (IRED) were attached on the left
side of each participant’s body over the lateral aspect of the shoe corresponding to the
5th metatarsal head, lateral aspect of the shoe on the heel counter, lateral malleolus,
lateral aspect of the leg segment 10 cm inferior to the knee joint line, head of the fibula,
lateral epicondyle of the femur, lateral aspect of the thigh segment 10 cm superior to the
knee joint line and superior portion of the greater trochanter of the femur. A digital
video camera (Sony DCR TV8, Japan, 25 Hz), leveled and fitted with a Sony wide
angle conversion lens (VCL-HGO737X; 37 mm), was located 3.1 m from the force
platform, 10 cm above the ground and positioned perpendicular to the plane of motion
to capture the spatio-temporal variables of the gait cycle (see Figure 1).
Two-dimensional coordinates of each IRED were used as input into a custom
written MatLabTM (Version 6.1, The Mathworks Inc., Natick, MA) data analysis
program. The kinematic data were smoothed to remove high frequency noise using a
fourth-order low-pass Butterworth filter with a cut-off frequency (ƒc) of 7 Hz. From
these smoothed positional data, a four segment rigid body model was constructed to
characterise the sagittal plane kinematics of the foot, leg, thigh and trunk segments of
the left side of each participant during the stance phase of the gait cycle. The kinematic
data were then analysed with respect to the GRF data to calculate maximum sagittal
plane joint angles (o) and range of motion (ROM; o) for the ankle, knee and trunk
(relative to the horizontal) from IC to TO. Spatio-temporal data were analysed using
HU-M-ANTM software (HMA Technologies, Ontario, Canada, Version 3, 1998) to
visually identify the times of IC and TO for each foot. From the video data stride length
(m), cadence (steps.min-1), gait velocity (m.s-1) and double support time (DS: % gait
cycle) were calculated.
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Muscle Activity
EMG data were collected for 4 s at 1000 Hz (16-500 Hz bandwidth) using a Noraxon
T900 Telemyo System (Noraxon Oy, Germany) for vastus lateralis (VL), biceps femoris
(BF), semitendinosus (ST), tibialis anterior (TA) and the medial head of gastrocnemius
(GM). After standard preparation, adhesive Blue Sensor (Medicotest VL, Denmark)
bipolar silver-silver chloride disposable surface electrodes (inter-electrode space 30
mm) were attached to the skin over the relevant muscle bellies. Electrode placement
sites were confirmed by palpating the muscles while the participants performed
isometric contractions.
The raw EMG data for each muscle (VL, BF, ST, TA and GM) were initially
inspected and any trials grossly contaminated with noise or motion artefact were
disregarded from further analysis. The raw EMG data were then full wave rectified and
filtered using a fourth order zero-phase-shift Butterworth low pass filter (ƒc = 20 Hz) to
obtain linear envelopes [28]. The linear envelopes were then again full-wave rectified to
convert any negative values arising from the filtering process to absolute values. To
determine the onset and offset of each muscle burst, a threshold detector set at 10% of
the maximum threshold of the burst of interest was applied to the linear envelope.
Muscle burst duration (ms) and timing of the onset of muscle activity relative to IC (ms)
were then calculated for each of the five muscles during the stance phase of gait.
Intensity of muscle burst activity (iEMG, V.ms) was calculated for each muscle by
integrating the filtered and rectified muscle activity data for the duration of each muscle
burst and normalised to the baseline (0% BW) walking trial.

Heart Rate and Subjective Variables
Heart rate (HR) data were collected using a Sports Tester Vantage NV heart rate
monitor (Polar Electro, Finland), comprising a chest-mounted electrode/transmitter and
a wrist mounted receiver. Overall ratings of perceived exertion (RPE) were scored using
Borg’s 6-20 scale [29] and the location and severity of discomfort using a modified
version of the Body Map [30]. Discomfort was mapped for eight body regions,
including the neck, shoulders, arms, upper back, lower back, hips, thighs and legs, using
a 100 mm visual analog scale (VAS), which had anchors of “no discomfort” (0) and
“extreme discomfort” (100). Each participant’s preferences for the high, medium or low
load position were recorded at the end of the testing session.
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Statistical Analysis
Means and standard deviations (± SD) for the kinematic, GRF, EMG, HR and
subjective variables were calculated for each load position. Normality and equal
variance of the data were confirmed using a Kolmogorov-Smirnov test with Lilliefors’
correction and Levene Median test, respectively. A one-way repeated measures
ANOVA (Bonferroni corrected) and pair-wise comparisons determined whether load
position significantly (p < 0.05) influenced the gait, posture and subjective responses of
healthy females during load carriage. All statistical analyses were conducted using
SPSS Software (Version 11.0 for Window, SPSS Science, Chicago, USA).

Results
Means (± SD), F-ratios and p-values derived for each source of variance for the
kinematic and GRF data generated during the stance phase of gait are shown in Table 1.
There were no significant main effects of load position on the spatio-temporal,
kinematic or GRF variables except the peak vertical GRF experienced during loading
response and maximum trunk flexion angle. That is, the peak deceleration vertical GRF
was significantly greater in the high load position (p = 0.011) compared to the low load
position and participants displayed a significantly greater trunk flexion angle when
carrying the load in the medium and low (p < 0.001) positions compared to the high
position (see Table 1).
There were no significant main effects of load position for any of the muscle onset
times relative to IC or muscle burst duration for any of the muscles (see Table 2). A
significant main effect of load position was found for GM iEMG (F = 5.602; p = 0.021)
such that participants displayed significantly less iEMG for GM when carrying the load
in the high position compared to the medium (p = 0.005) and low (p = 0.020) positions
(see Figure 2).
There were no significant main effects of load position for HR (high = 121 ± 18;
medium = 122 ± 16; low = 117 ± 19; F = 2.299; p = 0.143) or RPE (high = 12.6 ± 1.7;
medium = 12.8 ± 1.7; low = 12.7 ± 2.3; F = 0.272; p = 0.766) or discomfort (see Figure
3) for any of the body regions. However, there were slightly lower scores recorded for
the lower back and leg when the load was in the high position (see Figure 3). Overall,
participants preferred the high (10 participants) over the medium (3 participants) and
low (2 participants) load positions (p < 0.001).
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Table 1

Means (± SD), F-ratios and p-values derived for the kinematic and ground
reaction force (GRF) data displayed by the participants during load carriage.

Variable

Load Position
Medium
Low

High

F-ratio

p-value

Vertical ground reaction force variables (BW)
Peak deceleration GRF

1.67 ± 0.13

1.65 ± 0.14

1.63 ± 0.12*

4.869

0.026

Minimum GRF at mid-stance

0.82 ± 0.11

0.83 ± 0.11

0.85 ± 0.11

2.213

0.149

Peak propulsive GRF

1.62 ± 0.09

1.62 ± 0.10

1.61 ± 0.09

0.613

0.556

o

Maximum joint/segment angles ( )
Ankle

106 ± 7

108 ± 6

106 ± 9

2.155

0.155

Knee

148 ± 9

149 ± 7

147 ± 8

0.526

0.603

Trunk

76 ± 3

75 ± 2*

74 ± 5*

7.730

0.006

o

Joint/segment ranges of motion during stance ( )
Ankle

29 ± 6

29 ± 5

30 ± 6

0.270

0.769

Knee

33 ± 7

33 ± 6

32 ± 6

0.123

0.885

Trunk

10 ± 2

11 ± 4

10 ± 3

0.420

0.667

Spatio-temporal gait variables
Stride length (m)
-1

Velocity (m.s )
-1

Cadence (steps.min )
Double support (%)

1.44 ± 0.08

1.46 ± 0.10

1.44 ± 0.09

1.107

0.368

1.44 ± 0.07

1.44 ± 0.10

1.41 ± 0.08

2.451

0.136

119 ± 6

119 ± 5

118 ± 6

1.499

0.269

17.0 ± 2.1

17.2 ± 2.7

17.4 ± 2.4

2.972

0.097

* denotes a significant difference p < 0.05 compared to the high load position condition.
BW = body weight
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Table 2

Means (± SD), F-ratios and p-values derived for the muscle activity patterns
displayed by the participants (n = 15) during load carriage.

Variable
High

Load Position
Medium

Low

F-ratio

p-value

Tibialis anterior

324 ± 118

307 ± 114

331 ± 110

0.656

0.535

Gastrocnemius medialis

375 ± 69

378 ± 73

379 ± 85

0.983

0.402

Vastus lateralis

294 ± 58

305 ± 94

303 ± 79

0.179

0.839

Semitendinosus

215 ± 37

219 ± 54

223 ± 47

0.519

0.607

Biceps femoris

250 ± 67

248 ± 66

260 ± 69

1.132

0.361

-189 ± 67

0.812

0.467

164 ± 64*

1.887

0.194

Muscle burst duration (ms)

Muscle burst onset time to initial contact (ms)*
Tibialis anterior

-202 ± 100

-168 ± 65

Gastrocnemius medialis

160 ± 37*

157 ± 60*

Vastus lateralis

-105 ± 22

-98 ± 25

-98 ± 27

1.278

0.314

Semitendinosus

-176 ± 14

-173 ± 29

-181 ± 26

0.400

0.679

Biceps femoris

-179 ± 20

-170 ± 29

-191 ± 33

1.066

0.380

*A negative onset value indicates muscle activity before initial contact

180

* *

160
140

iEMG (%)

120
100
80
60
40
20
0
TA

GM

VL
High

Figure 2

Medium

ST

BF

Low

Effect of load position on the muscle burst intensity (iEMG) for all muscles
after the participants walked with 30% BW load for 2 km (mean (SD); *
denotes a significant difference p < 0.05 compared to the high position).
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Figure 3

arms

lower back

Medium

hips

thigh

leg

L ow

Mean rating of discomfort reported by the participants (n = 15) for all body
regions after walking with 30% BW load for 2 km.

Discussion
The purpose of the present study was to determine whether load position affected the
gait or subjective responses during load carriage for female recreational hikers. It was
hypothesised that the high load position would lead to greater gait instability resulting in
gait modifications such as increased double support, slower walking velocity and
greater flexion of the lower limb [6]. However, consistent with previous studies, no
significant differences in lower limb joint motion or spatio-temporal variables were
found. Devroey et al. [20] reported no significant differences in spatio-temporal
variables or sagittal plane hip angle when subjects walked with 15% BW load in a high
(thoracic vertebrae) and low (lumbar vertebrae) position. Similarly Johnson et al. [19]
found no significant differences in cadence, velocity or maximum knee angle when
carrying 36 kg load in three different (high, medium and low) positions. In contrast,
Harman et al. [22] found an increase in double support when their female subjects
carried up to 73% BW in a backpack that had a higher (60 mm) COM than one with a
lower COM. However, Harman et al. [22] used two different backpacks and the design
and the load, rather than load position, may have resulted in the differences.
Although the data obtained from this study demonstrated that participants made
significant changes to GRF and trunk kinematic parameters with load position, these
changes were small. That is, although statistically significant, as the absolute difference
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between load positions in GRF was small (0.04 BW) and changes in maximum trunk
angle were less than 2° (see Table 1), they may not be functionally relevant to load
carriage. Furthermore, load position did not influence the timing of muscle bursts or
muscle burst durations, although the high position resulted in significantly decreased
iEMG for GM compared to the medium and low positions. Gastrocnemius functions to
help support the knee, decelerate tibial advancement and then plantar flex the foot
during terminal stance to provide most of the power for walking [31]. The greater iEMG
for GM with the medium and low positions may indicate that greater muscular effort is
required to overcome the inertia associated with backpack load [4] in these load
positions. The lower GM iEMG with the high position may be beneficial during
prolonged hikes and could be associated with reduced metabolic cost of load carriage
consistent with previous research [16, 17].
In the present study, HR, RPE and discomfort responses did not elicit any
significant differences between load positions. Stuempfle et al. [16] found no changes in
HR, although oxygen consumption and RPE were significantly lower when females
with minimal hiking experience carried a load (25% BW) for 10 minutes in a high
position compared to a middle or low position. Although the load positions used in the
present study were similar to those described by Stuempfle et al. [16], the RPE results
presented here may differ due to hiking experience. Furthermore, there were no
significant differences for discomfort in any body regions between the three load
positions (see Figure 3), although lower back discomfort was greater when the load was
in the low and medium positions (13.8 ± 17.5 and 13.3 ± 12.0, respectively) compared
to the high position (7.8 ± 7.5). Despite contrasting to the results of Ling et al. [32] for
female subjects, it is suggested that this discomfort was the main reason the female
hikers in the present study preferred the high position.
Although previous research have reported altered postural and spatio-temporal
variables when load position was changed, it was interesting to note that load position
did not appear to significantly affect gait or posture over short distances carrying the
current recommended load mass. However, it is acknowledged that the present study
only tested a load of 30% BW while walking for 2 km. The effect of load position may
change with different loads, longer distances or hiking over consecutive days. Secondly,
a relatively flat, even load carriage course was used in the present study and the effect
of hiking over rougher terrain may result in different findings. Finally, the participants
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in the present study were experienced recreational hikers used to carrying 30% BW
loads and therefore the results may differ for novice or less experienced hikers.

Conclusion
This study investigated the effect of load position on gait and subjective responses of
female hikers to evaluate existing recommendations for backpack load position. The
female hikers in this study preferred a high position, a load position that resulted in
lower GM iEMG and higher GRF compared to the medium and low positions.
However, given the relatively small absolute differences for trunk flexion and GRF
variables between load positions, the results are unlikely to be functionally relevant in
load carriage studies with healthy, experienced, female hikers carrying 30% BW.
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CHAPTER 4
Effect of prolonged load carriage on ground reaction forces, lower
limb

kinematics

and

spatio-temporal

parameters

in

female

recreational hikers
This chapter is an amended version of the manuscript: Simpson K, Munro BJ, Steele JR.
The effect of prolonged load carriage on ground reaction forces, lower limb kinematics
and spatio-temporal parameters in female recreational hikers. Accepted for publication
pending minor revisions in Ergonomics, November, 2010.

Abstract
The effect of load carriage on female recreational hikers has received little attention.
This study collected lower limb sagittal plane kinematic, spatio-temporal and ground
reaction force (GRF) data from fifteen female recreational hikers carrying four loads
(0%, 20%, 30% and 40% body weight (BW)) over 8 km. Increasing load resulted in a
proportional increase in GRF up to 30% BW, increased stance time and greater
mediolateral impulse with 30% and 40% BW. Also seen were decreased velocity and
cadence and increased double support and knee flexion when carrying load compared to
no load. Increased distance resulted in increased knee and ankle plantar flexion at initial
foot-ground contact. It was concluded that as load mass and distance increase female
hikers modify their gait to attenuate the lower limb impact forces. When carrying 30%
and 40% BW loads, however, the changes aimed at attenuating the higher GRF may
result in a less stable gait.

Introduction
In recent years, the popularity of recreational hiking has steadily increased in many of
the world’s developed countries [1, 2]. In Australia, more than 700,000 people report
participating in recreational hiking or ‘bushwalking’ activities, with a higher percentage
of women participating than men [3]. Recreational hiking involves carrying a load at a
self-selected pace, over many hours and kilometres per day, over varying terrain and
often over consecutive days [4-6].
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Carrying a load in a backpack has been shown to decrease both lateral stability
and balance, which may contribute to falls [7]. In addition, carrying a load may increase
lower limb loading, placing high stresses on the soft tissues surrounding the lower limb
joints [8] and predisposing the participant to injury. While the health benefits of outdoor
activities such as hiking have been well-documented [9, 10], hiking has been shown to
contribute significantly to the incidence of injuries in outdoor recreation [4, 11]. Most
hiking injuries (70-80%) result from either overuse or from slips and/or falls. Hiking
injuries tend to be strains and sprains or other overuse musculoskeletal injuries to the
knees, ankles and feet [4, 11, 12] with females reporting significantly more injuries than
males [13, 14]. Therefore, more research is needed to examine the effects of load
carriage on recreational hikers in order to understand and prevent lower limb injuries in
this population.
Although load carriage has received extensive research attention, this research has
rarely been in the context of a recreational activity, such that much of the previous
research has studied fit, young male soldiers who differ in age, gender and fitness from
the substantial numbers of men and women who engage in recreational hiking [4, 5]. In
this context, researchers have investigated the most efficient and safe way to carry a
load through an analysis of the biomechanical effects of variations in load mass,
backpack type, gradient and walking velocity [8, 15-19]. The results indicate that both
vertical and anteroposterior ground reaction forces increase proportionally to backpack
load mass [17, 20, 21] with minimal change in mediolateral ground reaction force
parameters [15, 22], aside from an increase in total mediolateral impulse with increasing
load, which may indicate decreased stability [21]. Increased ground reaction forces are a
major risk factor for overuse injuries and the ability, or inability, of the body to
continually absorb these higher ground reaction forces over extended time periods may
explain the high incidence of overuse lower limb injuries in recreational hiking [22, 23].
It has been suggested that spatio-temporal and lower limb kinematic gait
adaptations are required to maintain stability and aid in shock absorption to reduce the
increased impact forces on the lower limb during load carriage [8, 17, 24]. In fact, as
load increases, the percentage of stride spent in double support increases [24-26],
providing greater stability as well as distributing the higher ground reaction forces over
both lower limbs [15, 17]. The effects of increasing load on spatio-temporal gait
parameters such as stride length, walking velocity and cadence while subjects walk at a
self-selected speed have not been as clear [15].
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Furthermore, the literature has been mostly inconclusive as to whether sagittal
plane lower limb kinematics are altered during load carriage. Whereas some
investigators have reported no significant differences in sagittal plane joint kinematics
with load carriage [20, 27], others have reported increased knee flexion [8, 16, 17, 28].
It has been suggested that knee flexion immediately after initial foot-ground contact
assists with the absorption of impact forces [15, 17] and that knee flexion during midstance helps maintain stability by keeping the body’s centre of mass lower [15]. The
effect of load carriage on ankle joint motion is not clear. For example although greater
dorsiflexion at initial foot-ground contact has been reported [8, 17], other studies have
found no changes in ankle kinematics during load carriage [20, 26]. Results of these
previous studies have been difficult to interpret with respect to a recreational hiking
population due to the differences in subject populations (e.g. male soldiers), the use of
absolute or relative load mass, having subjects walk at a constant or self-selected speed,
treadmill versus over-ground walking and the short load carriage durations that are often
assessed.
The effect of prolonged load carriage on gait has received little research attention.
Frykman et al. [29] reported reduced mid-stance sagittal hip and knee angles, shorter
stride time and reduced stride length after male soldiers carrying 47 kg (61% BW)
completed a 20 km road march. Quesada et al. [8] also found changes in peak ankle
dorsiflexion, plantar flexion and knee flexion after male soldiers, carrying 30% BW,
marched on a treadmill for 40 minutes. These authors postulated that, with increased
distance, the lower limb may not be able to function as effectively to attenuate the
ground reaction forces and that altered kinematics are displayed in an attempt to reduce
injury potential. In contrast, Ling et al. [28] reported no changes in spatio-temporal
variables, or hip, knee or ankle joint excursion after females, carrying 9-23 kg (16-40%
BW), walked on a treadmill for 56 minutes. Therefore, investigating lower limb joint
kinematics, spatio-temporal and ground reaction force parameters during prolonged load
carriage will broaden existing knowledge regarding the potential for load carriagerelated injuries in recreational hikers.
Despite the apparent increased participation and injury risk for females during
recreational hiking, there is a paucity of data regarding the biomechanical responses of
female recreational hikers to prolonged load carriage while carrying different backpack
loads. Therefore, this study aimed to investigate the effects of increasing load mass and
walking distance on gait in recreational female hikers. Based on previous research it
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was hypothesised that as load increased, the ground reaction forces generated during
walking would increase, in turn, leading to altered kinematic and spatio-temporal
parameters of gait. In addition, it was hypothesised that increasing distance would result
in decreased stride length and increased knee flexion during early stance in an effort to
maintain stability and attenuate impact forces.

Methods
Participants
Fifteen healthy, active female recreational hikers (age = 22.3 ± 3.9 years (mean ± SD),
height 1.69 ± 0.1 m, mass 61.2 ± 5.3 kg) volunteered to participate in the study.
Participants were recruited from recreational hikers within the general student
population at the University of Wollongong. To be eligible to participate participants
had to be free from musculoskeletal or neurological disorders that could affect their gait,
have completed one overnight hike in the past 12 months and have experience carrying
a backpack with loads of 20%-30% BW. Information relating to each participant’s
health status and physical activity were obtained through a screening questionnaire. The
experimental protocol was approved by the University of Wollongong Human Research
Ethics Committee (HE03/160) and all participants gave written informed consent prior
to data collection.

Experimental Protocol
Participants visited the Biomechanics Research Laboratory at the University of
Wollongong for four testing sessions of approximately 3 hours per session. During the
first testing session, participant height and mass were measured and the participants
were familiarised with the load carriage course, backpack, testing equipment and testing
procedures. The backpack was an Alpamayo ND Crossbow (60 L; 3.2 kg; Lowe Alpine,
UK) backpack, which consisted of a harness designed for females and an adjustable
back length, which was individually fitted according to the manufacturer’s instructions.
Participants wore their own athletic shoes for each testing session and zip-sided pants
were supplied by the researchers to allow the participant’s legs to be covered and the
equipment protected while walking on the outdoor circuit. The pants were then
unzipped to the hip and tucked into the back of the backpack to allow the infrared
emitting diodes to be seen during data collection.

46

After familiarisation, the participants completed the load carriage circuit at a selfselected pace under one of four load conditions: with no backpack (0% BW condition)
or with a loaded backpack (for the 20%, 30% and 40% BW conditions). The other three
load carriage conditions were completed on three subsequent testing sessions. The four
load carriage conditions were tested in a randomly assigned order. To ensure recovery
from any residual symptoms from a previous testing session, a minimum of three days
separated each testing session. No special dietary or activity restrictions were placed on
the participants while taking part in this study. However, participants were asked not to
participate in any strenuous activity 24 hours before each testing session.

Load Carriage Course
The 8 km load carriage course consisted of 5 x 200 m indoor circuits and 4 x 1.8 km
outdoor circuits, conducted in an alternating manner (Figure 1). A distance of 8 km was
chosen for the load carriage course to represent a typical load carriage distance
commonly encountered by recreational hikers [4]. Participants completed the 10 x 20 m
indoor circuits (200 m) where they walked along a 9 m level walkway and across a
force platform positioned in the centre of the walkway. After completing the indoor
circuit, they walked the level 1.8 km outdoor circuit, which was comprised of 900 m of
bitumen and paved surfaces and 900 m of rough gravel surface, and then returned to the
laboratory. These surfaces were chosen as there would be minimal changes to surface
conditions between testing sessions due to inclement weather as testing occurred over
several months.
The participants were required to complete the 8 km course without stopping,
except for a 10 min rest period after completing 4 km of the course. Short rests were
also permitted for no more than 1-2 min after completing each outdoor circuit as the
participant entered the laboratory, prior to data collection, which allowed time to check
data collection equipment. Data were collected for 10 trials at each of four distances (0
km, 2 km, 4 km and 8 km).

Backpack and Load Conditions
The backpack was uniformly loaded with 20%, 30% or 40% of the participant’s BW
using four sand-filled plastic tubes (2 kg each). If necessary, additional mass was added
by inserting metal rods (0.5 kg, 670 mm length) into 19 mm diameter evenly spaced
rigid plastic tubes along the height of the backpack, selecting tubes closest to the
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harness first and working outwards to ensure the centre of mass of the backpack was as
close to the trunk as possible.

A
Position sensor

20 m indoor circuit

Video camera

3.1 m

Force platform

9 m walkway
Optotrak & Telemyo
Systems

Data collection
computer

B

1.8 km outdoor circuit
(Comprising 900 m of paving &
bitumen & 900 m of gravel)

Figure 1

Schematic diagram of the load carriage course and the setup for data
collection during the testing sessions.

Ground Reaction Forces
During each trial, ground reaction force data were collected for 4 s at 1000 Hz using a
Kistler multichannel force platform (Type 9253A, Kistler Instruments AG Winterthur,
Switzerland) embedded flush with the laboratory floor. The raw data from the eight
output channels of the force platform were collected using NDI ToolBench software
(Version 1.1; Northern Digital, Canada) and the data were then exported to a custom
written MatLabTM (Version 6.1, The Mathworks Inc., Natick, MA) program for analysis.
The four vertical (y), two anteroposterior (x) and two mediolateral (z) force channels
were summed and scaled to obtain force-time curves in three orthogonal directions. For
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each load condition and distance, ground reaction force parameters [21], listed in Table
1, for five successful trials (that is, the participant’s left foot had contacted the force
plate cleanly and a natural gait pattern was maintained) were determined and averaged.
Mediolateral impulse was calculated as the absolute value of the medial and lateral
impulse combined [30]. The vertical ground reaction forces were used to determine
initial foot-ground contact (IC) and toe-off, which were deemed to have occurred when
the vertical ground reaction forces deviated by 20 N from the zero baseline, as well as
stance time. Force measurements were normalised relative to each participant’s body
weight.

Kinematic Data
Two-dimensional kinematic data characterising each participant’s gait were collected
for 4 s at 100 Hz using an OPTOTRAK 3020 motion analysis system (Northern Digital
Inc., Ontario, Canada) in synchronization with the ground reaction force data. Seven
infrared emitting diodes (IRED) were attached on the left side of each participant’s
body over the lateral aspect of the shoe corresponding to the 5th metatarsal head, lateral
malleolus, lateral aspect of the leg segment 10 cm inferior to the knee joint line, head of
the fibula, lateral epicondyle of the femur, lateral aspect of the thigh segment 10 cm
superior to the knee joint line and superior portion of the greater trochanter of the femur.
A further two markers were placed on the lateral aspect of the heel counter and the toe
to allow identification of IC and toe-off from the video footage. The IRED positions
were marked with a purple surgical marker (Secureline, Precision Dynamics
Corporation, California, USA) in the first testing session and measured from an
anatomical reference point to ensure that the IRED were applied at exactly the same
location in all subsequent testing sessions.
Two-dimensional coordinates of each IRED were used as input into a custom
written MatLabTM (Version 6.1, The Mathworks Inc., Natick, MA) data analysis
program. The kinematic data were smoothed to remove high frequency noise using a
fourth-order zero-phase low-pass Butterworth filter, with a cut-off frequency (ƒc) of 7
Hz. From the smoothed positional data, a two-dimensional three segment rigid body
model was constructed to characterise the sagittal plane kinematics of the foot, leg and
thigh segments of the left side of each participant during the stance phase of the gait
cycle using the joint angle convention of Harman et al. [15]. The kinematic data
corresponding to the ground reaction force events described previously were then used
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to calculate sagittal plane ankle and knee angles (o) and range of motion (o; ROM) for
the ankle and knee from IC to toe off. For each load mass and distance, the kinematic
variables were averaged across the five trials and analysed. These variables are
described in Table 1.
Each participant’s gait was also captured using a digital video camera (Sony DCR
TV8, Japan, 25 Hz) to enable spatio-temporal gait variables to be calculated. These
variables could not be calculated from the OPTOTRAK 3020 data as the field of view of
the Position Sensor was not able to capture sufficient gait cycles due to constraints
imposed by the physical dimensions of the laboratory. The video camera, levelled and
fitted with a Sony wide angle conversion lens (VCL-HGO737X; 37 mm), was located
3.1 m from the force platform, 10 cm above the ground and positioned perpendicular to
the plane of motion (see Figure 1). The video images of the selected trials were captured
to computer via a DV Raptor video capture card and saved as an AVI file. The same
five trials as those selected for kinematic and ground reaction force analysis for each
condition were analysed using HU-M-ANTM software (HMA Technologies, Ontario,
Canada, Version 3, 1998). Visual examination of the heel and toe markers using the
video data identified the times of IC and toe-off for each foot. From the video data the
following spatio-temporal variables were calculated: stride length (m); cadence
(steps.min-1); velocity, defined as stride length/stride time (m.s-1); and percentage of the
gait cycle spent in double support (% gait cycle).

Statistical Analysis
Means and standard deviations for the kinematic, spatio-temporal and ground reaction
force variables were calculated for each load mass and load carriage distance. Normality
and equal variance of the data were confirmed using a Kolmogorov-Smirnov test with
Lilliefors’ correction and Levene Median test, respectively. The kinematic, spatiotemporal and ground reaction force variables were then analysed using a two-way
repeated measures ANOVA, with two within factors (load mass and load carriage
distance). Where a significant main effect or interaction was noted, Bonferroni
corrected paired t-tests were used to evaluate the difference between loads or distances.
Significance was accepted at the level of p ≤ 0.05 and all statistical analyses were
conducted using SPSS software (Version 11.0 for Window, SPSS Science, Chicago,
USA).
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Results
Three of the 15 participants were unable to complete the last 2 km of the 40% BW
testing session; therefore, the data presented is for 12 participants. No significant load x
distance interactions were found for any of the kinematic, spatio-temporal or ground
reaction force parameters measured in the present study, indicating that the effect of
load mass was not moderated by distance (see Table 1). However, significant main
effects of both load and distance on the kinematic, spatio-temporal and ground reaction
force variables were identified and are presented below.

Load Effects
A significant main effect of load was found for all the ground reaction force parameters
when the data were pooled across distance (see Table 1). That is, participants displayed
significantly greater vertical and anteroposterior ground reaction forces as load mass
increased from the no load condition to 20% and 30% BW loads. However, there was
no significant increase in the ground reaction force data from the 30% to 40% BW loads
(see Figure 2). Participants generated a significantly higher vertical impulse, as load
increased, except between the 30% and 40% BW loads (see Table 2). Furthermore, the
mediolateral impulse was significantly greater when carrying the 30% BW and 40%
loads compared to the 0% BW (see Table 2).
A significant decrease in walking velocity was found when carrying the 30% BW
and 40% BW loads compared to 0% BW. Compared to walking with no load,
participants displayed a significant decrease in cadence and more time in double support
when carrying 20% BW, 30% BW and 40% BW (see Figure 3). Stance time increased
significantly and progressively, as the load increased from 0% to 20% to 30% to 40%
BW (see Table 2). A significant decrease in cadence was also found when carrying 40%
BW load compared to 20% BW load. However, no significant changes in stride length
were noted with increasing load mass.
A significant increase in knee flexion at IC was found when carrying 20% BW,
30% BW and 40% BW loads compared to 0% BW. At the time of the impact peak of
the vertical ground reaction force, participants displayed significantly greater knee
flexion when carrying 20% BW and 30% BW (see Table 2) compared to walking with
the 0% BW load. Although a significant main effect of load was also found for the
ankle angle at the time of the impact peak of the vertical ground reaction force (see
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Table 1), further analysis revealed no significant differences in this variable between
loads. Means and SD for all 4 load conditions and 4 distances are presented in Appendix
C.

Table 1

P-values for the main effects of load mass and distance walked, and the load
x distance interactions, on the ground reaction force, spatio-temporal and
kinematic variables characterised during the 8 km hike.
Main Effect
Variable

Interaction

Load

Distance

Load x

Mass

Walked

Distance

Impact peak of vertical GRF (Fy1; BW)

<0.001

0.171

0.080

Minimum vertical GRF during midstance (Fy2; BW)

<0.001

<0.001

0.196

Propulsive peak of vertical GRF (Fy3; BW)

<0.001

0.004

0.308

Vertical impulse (BW.s)

<0.001

0.047

0.456

Peak braking anteroposterior GRF (BW)

<0.001

0.003

0.137

Peak propulsive anteroposterior GRF (BW)

<0.001

0.002

0.729

0.006

0.358

0.973

Mediolateral impulse (BW.s)
o

Ankle angle at the time of initial contact ( )

0.170

0.039

0.496

o

0.025

0.051

0.513

o

0.663

0.012

0.840

0.062

0.073

0.431

Ankle angle at the time of Fy1 ( )
Ankle angle at the time of Fy3 ( )
a o

Ankle range of motion ( )
Knee angle at the time of initial contact (o)

0.010

0.006

0.296

o

0.017

0.106

0.522

o

0.094

0.374

0.603

0.379

0.264

0.452

0.050

0.111

0.114

0.223

0.016

0.420

Cadence (steps.min )

0.001

0.031

0.127

Double support time (% gait cycle)

0.003

0.395

0.545

<0.001

0.022

0.335

Knee angle at the time of Fy1 ( )
Knee angle at the time of Fy2 ( )
a o

Knee range of motion ( )
Spatio-temporal variables
Velocity (m.s-1)
Stride length (m)
-1

Stance (ms)
a

Range of motion during stance

GRF = ground reaction force
BW = body weight
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Table 2

Mean (± SD) ground reaction force, spatio-temporal and kinematic variables
displayed by participants at each load mass condition.

Variable

Load mass condition
0%

20%

30%

40%

Vertical impulse (BW.s)

0.56 ± 0.04

0.66 ± 0.03*

0.74 ± 0.04*†

0.76 ± 0.09*†

Mediolateral impulse (BW.s)

0.02 ± 0.01

0.03 ± 0.01

0.03 ± 0.01*

0.03 ± 0.01*

Ground reaction force

Stance (ms)

628 ± 42

†

650 ± 38*

669 ± 39*

682 ± 38*†#

Ankle angle (o)
Initial contact

119 ± 3

118 ± 3

116 ± 7

117 ± 5

Time of Fy1

120 ± 3

118 ± 4

115 ± 7

117 ± 5

112 ± 4

110 ± 6

109 ± 7

113 ±6

26 ± 3

28 ± 4

29 ± 6

29 ± 4

Initial contact

181 ± 4

178 ± 3*

177 ± 5*

175 ± 5*

Time of Fy1

161 ± 5

156 ± 5*

156 ± 4*

157 ± 7

Time of Fy2

173 ± 4

172 ± 3

174 ± 4

172 ± 6

Range of motiona

35 ± 5

35 ± 5

35 ± 4

33 ± 4

Stride length (m)

1.61 ± 0.10

1.59 ± 0.09

1.56 ± 0.07

1.58 ± 0.08

Double support (%)

19.9 ± 4.1

24.2 ± 4.6*

24.5 ± 4.7*

25.9 ± 5.8*

†

682 ± 38*†#

Time of Fy3
Range of motion

a

o

Knee angle ( )

Spatio-temporal variables

Stance (ms)

628 ± 42

650 ± 38*

669 ± 39*

* p < 0.05 compared to the 0% BW condition
†

p < 0.05 compared to the 20% BW condition

#

p < 0.05 compared to the 30% BW condition

a

Range of motion during stance

Fy1 = impact peak of the vertical ground reaction force; Fy2 = minimum vertical ground reaction
force during midstance
BW = body weight
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(A) Vertical
2

Force (BW)

1.8

*

*

1.6
1.4
1.2

*†

†

*

*†

*

*

*†

*†

30

40

1
0.8
0.6
0
0

20
Load (% BW)
Fy1

Fy2

Fy3

(B) Anteroposterior

Force (BW)

*†

*

20

30

40

*

*†

*

*

0.4
0.2
0
0
-0.2
-0.4

Load (%BW)
Fx1
Fx2

Figure 2 Effect of increasing load mass on the peak vertical (A) and anteroposterior
(B) ground reaction force (GRF) parameters (mean ± SD; * represents
significant difference p < 0.05 compared to the 0% BW condition; † p < 0.05
compared to the 20% BW condition). Fy1 = impact peak of the vertical GRF;
Fy2 = minimum vertical GRF during midstance; Fy3 = propulsive peak of the
vertical GRF; Fx1 = peak braking anteroposterior GRF; Fx2 = peak propulsive
anteroposterior GRF.
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120

1.69

*
118

Velocity (m.s-1)

*†
1.59

116
114
112

1.54

*

*

110

Cadence (steps.min-1)

*

1.64

1.49
108
0

0
0

20

30

40

Load (%BW)
Cadence

Velocity

Figure 3 Effect of increasing load mass on walking velocity and cadence (mean ± SD;
* represents significant difference p < 0.05 compared to the 0% BW
condition; † p < 0.05 compared to the 20% BW condition).

Distance Effects
Participants displayed a significantly lower minimum vertical ground reaction force
during midstance (Fy2) at the 2 km, 4 km and 8 km distances compared to 0 km.
Participants also generated significantly greater anteroposterior ground reaction forces
at the 2 km and 4 km distances compared to the 0 km distance (see Table 3). Although a
significant main effect of distance was found for the propulsive peak of the vertical
ground reaction force (Fy3) and vertical impulse (see Table 1), further analysis revealed
no significant differences between distances.
There were no significant main effects of distance walked on velocity or double
support when the data were pooled across load mass (see Table 1). However, cadence
was significantly greater after walking 8 km compared to at the start of the walk (see
Table 3) and stance time was significantly shorter after walking 8 km compared to the 0
km, 2 km and 4 km distances. A significant main effect of distance walked was also
found for stride length, which was longer at the 2 km, 4 km and 8 km distances
compared to 0 km (see Table 3).

55

Table 3

Mean (± SD) ground reaction force, spatio-temporal and kinematic variables
displayed by participants (n = 15) at each distance throughout the 8 km hike.

Variable

Distance
0 km

2 km

4 km

8 km

Fy1 (BW)

1.56 ± 0.10

1.58 ± 0.11

1.58 ± 0.11

1.51 ± 0.24

Fy2 (BW)

0.84 ± 0.12

0.81 ± 0.13*

0.79 ± 0.13*

0.78 ± 0.14*

Fy3 (BW)

1.48 ± 0.08

1.50 ± 0.08

1.50 ± 0.08

1.42 ± 0.21

Fx1 (BW)

-0.32 ± 0.04

-0.33 ± 0.05*

-0.34 ± 0.05*

-0.32 ± 0.07

Fx2 (BW)

0.32 ± 0.04

0.33 ± 0.03*

0.34 ± 0.03*

0.32 ± 0.06

Vertical Impulse (BW.s)

0.60 ± 0.04

0.69 ± 0.04

0.69 ± 0.04

0.64 ± 0.08

Mediolateral Impulse (BW.s)

0.03 ± 0.01

0.03 ± 0.01

0.03 ± 0.01

0.02 ± 0.01

663 ± 43

659 ± 38

657 ± 37

Initial contact

117 ± 4

118 ± 4

119 ± 5*

120 ± 4*

Time of Fy1

118 ± 2

118 ± 3

118 ± 4

117 ± 4

111 ± 4

111 ± 4

112 ± 4*

112 ± 4*

28 ± 3

29 ± 3

28 ± 3

27 ± 3

Initial contact

180 ± 3

178 ± 4

177 ± 4*

176 ± 6*

Time of Fy1

159 ± 5

158 ± 5

158 ± 4

158 ± 4

172 ± 4

173 ± 3

173 ± 4

173 ± 3

36 ± 4

34 ± 3

34 ± 3

34 ± 4

1.50 ± 0.12

1.55 ± 0.10

1.56 ± 0.11

1.54 ± 0.10

115 ± 6

116 ± 5

116 ± 5

117 ± 5*

1.56 ± 0.08

1.59 ± 0.07*

1.59 ± 0.08*

1.58 ± 0.07*

Double support (%)

23.9 ± 4.4

23.2 ± 4.2

23.5 ± 5.0

22.9 ± 4.5

Stance (ms)

663 ± 43

659 ± 38

657 ± 37

648 ± 35*†#

Ground reaction force

Stance (ms)

648 ± 35*†#

Ankle angle (o)

Time of Fy3
Range of motion

a

o

Knee angle ( )

Time of Fy2
Range of motion

a

Spatio-temporal variables
Velocity (ms-1)
Cadence (steps.min-1)
Stride length (m)

* p < 0.05 compared to the 0 km distance
†

p < 0.05 compared to the 2 km distance

#

p < 0.05 compared to the 4 km distance

a

Range of motion during stance

Fy1 = impact peak of the vertical ground reaction force; Fy2 = minimum vertical ground reaction
force during midstance; Fy3 = propulsive peak of the vertical ground reaction force; Fx1 = peak
braking anteroposterior ground reaction force; Fx2 = peak propulsive anteroposterior ground
reaction force
BW = body weight
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The participants displayed greater knee flexion and ankle plantar flexion at the
time of IC after walking 4 km and 8 km compared to the start of the walk (Table 3).
Significantly more ankle plantar flexion was also seen at the time of the propulsive peak
of the vertical ground reaction force at the 4 km and 8 km distances compared to 0 km
(Table 3).

Discussion
There has been limited research on the biomechanics of prolonged load carriage,
particularly with females and/or recreational hikers as the study population. The results
of the present study are the first to identify the effects of load mass and walking distance
on the gait of female recreational hikers. Interestingly, in the present study, there were
no significant interactions between distance walked and load mass carried, indicating
that the effects of load mass were not moderated by walking distance. In addition, while
the data obtained from this study demonstrated that participants made significant
changes to ground reaction force and spatio-temporal parameters as load carriage
distance increased, these changes were small and viewed with caution as to their
functional relevance. That is, although statistically significant, the ground reaction
forces varied by less than 0.06 BW, stride length differed by only 3 cm and cadence
displayed differences of only 2 steps.min-1 (see Table 3). In contrast to the present study
where stride length and cadence increased, Frykman et al. [29] found that male soldiers
shortened their stride length (3 cm) and stride time (0.02 s) after a 20 km road march.
The differences in results between these studies may be due to the longer distance or the
consequence of military training and marching style as measured by Frykman et al.
[29]. As changes in the ground reaction force and spatio-temporal results as a
consequence of distance in the present study were within error for testing conducted on
multiple days [31], further discussion of these results is not warranted.
Participants in the present study displayed greater knee flexion at the 4 km and 8
km distances and increased ankle plantar flexion at IC at the 8 km distance relative to
the other distances. The increased ankle plantar flexion may be a result of fatigue of the
ankle dorsiflexor muscles [32, 33], which ensure correct ankle alignment at IC through
eccentric contraction. The change from full knee extension to 3o to 4o of knee flexion as
distance increased may have been initiated to help the lower limb absorb the impact
forces generated during walking when ankle function became compromised. Similarly,
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Quesada et al. [8] reported significant increases in peak plantar flexion and peak knee
flexion in male soldiers when walking for 40 minutes with loads of 15% and 30% BW.
The results of the present study support the notion suggested by Quesada et al. [8], that
kinematics are altered during prolonged load carriage in an attempt to attenuate the
impact forces, in turn, reducing injury potential.
Although the ground reaction forces generated by participants in the present study
were not high (peak vertical ground reaction force of 1.5 to 1.7 BW), the participants
had to sustain approximately 5,000 impacts for each lower limb when walking the 8 km
distance. Furthermore, as stride length was unaffected by load mass, the number of
impacts over the 8 km distance was the same for each backpack load. Sustaining
repeated impact forces over a prolonged period of time is a known risk factor for lower
limb overuse injuries [22, 34, 35], especially when combined with short recovery times,
as could be the case for multiday hikes whereby hikers may cover many kilometers per
day on changing terrain. Therefore, minimising the number, as well as the magnitude of
impacts by selecting an appropriate load mass when walking long distances, may reduce
the risk of injuries in recreational hikers.
Increasing load mass evoked significant differences in the kinematic, spatiotemporal and ground reaction force data. The peak vertical and anteroposterior ground
reaction forces increased significantly and the increases in forces were proportional to
backpack load up to 30% BW. However, no further significant ground reaction force
increases were seen as load increased from 30% BW to 40% BW. Harman et al. [15]
and Tilbury-Davis & Hooper [20] found similar proportional increases in ground
reaction force when male soldiers carried loads up to 33 kg (42% BW) and 20 kg (25%
BW), respectively, although no further proportional increases in ground reaction force
were observed when the load increased to 47 kg (61% BW) and 40 kg (51% BW). The
female recreational hikers in this study elicited similar responses to the male soldiers
but at a lower relative load of 30% BW. Previous studies have suggested that when
carrying heavier loads, protective mechanisms are initiated which are aimed at reducing
the impact forces in an effort to reduce stresses placed on the lower limb [15, 20] and
mitigate the potential for injury. Protective mechanisms may include loading and
unloading the stance limb at a reduced velocity, increasing double support and
increasing flexion of the lower limb joints when carrying heavy loads [15, 16, 36]. This
was supported by the observed decrease in walking velocity, increase in double support
and stance time, and increased knee flexion at IC and in early stance displayed by
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participants in the present study when carrying load compared to no load. However, no
further changes in these parameters were found, except in stance time, as load mass
increased and the greater stance time may partially explain the lack of increase in
ground reaction force between 30% BW and 40% BW. Other protective mechanisms,
such as increased hip flexion [26] or altered muscle activity, which may assist in shock
attenuation [17], may be activated to reduce the impact forces when carrying the heavier
40% BW load. Although greater stance time would allow longer time to attenuate the
increased ground reaction force, increased instability may result. That is, during single
support, the body falls away from the stance foot such that longer periods of single
support result in greater mediolateral motion of the body’s centre of mass [21], as
demonstrated by the greater mediolateral impulse seen with the 30% BW and 40% BW
loads compared to 0% BW. Therefore, as there was no increase in double support time
with greater load, the longer stance time, while allowing more time to attenuate the
increased ground reaction forces, may result in greater instability if in single support.
Although the knee angle data during early stance displayed small (< 5°) but
significant differences when the participants were carrying a load compared to no load,
it should be noted that these changes were detected due to low within- and betweenparticipant variability (Table 3). Previous studies have reported similar changes during
load carriage [15, 16, 37], suggesting that the changes in knee kinematics may be
associated with additional shock absorption. Although increased knee flexion during
mid-stance has also been suggested to help maintain stability by keeping the body’s
centre of mass lower [15], this was not evident in the present study. The results of the
present study show that when walking with a load, female recreational hikers walked
more slowly, at a reduced cadence, spending more time in stance and double support,
and with greater knee flexion in early stance compared to walking with no load. It is
postulated that these changes aimed to provide greater shock absorption and maintain
stability. However, with heavier loads gait adaptations such as increasing single limb
stance time may compromise stability.
It is acknowledged that participants in this study were volunteers restricted by
gender, age and health status. Therefore, the results of the present study may not be
applicable to other populations who carry backpacks during recreational hiking. In
addition, participants walked at a self-selected speed for all conditions and the
kinematic and ground reaction force data may have differed if a constant controlled
walking speed was used as with previous studies of military populations [15, 20, 26].
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Furthermore, for ethical reasons this study only tested loads up to 40% BW and carrying
these loads for 8 km and it is unknown what the effect of heavier loads carried over
longer distances for consecutive days would have on the participants’ gait.

Conclusion
This study was novel in that it assessed how female recreational hikers carried loads of
different masses over a prolonged walk of 8 km. The results suggest that the participants
altered their gait as distance increased to aid in shock absorption and we speculate that
the increased knee flexion may be a strategy to compensate for the inability of ankle
dorsiflexors to attenuate impact forces. With increased load mass, vertical and
anteroposterior ground reaction forces increased proportionally to the increase in load
up to 30% BW, although no further changes in ground reaction force were seen as load
increased from 30% BW to 40% BW. When carrying load up to 30% BW participants
showed changes in double support time, velocity and knee flexion in early stance, which
maintained stability and aided in shock absorption. However, as load mass increased
from 30% BW to 40% BW increases in single support stance time may result in a less
stable gait. The results of this study give more insight into the biomechanical responses
of female recreational hikers to prolonged load carriage, providing further evidence
upon which to develop load carriage guidelines for this population.
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CHAPTER 5
Backpack load affects lower limb muscle activity patterns of female
hikers during prolonged load carriage.
This chapter is an amended version of the manuscript: Simpson K, Munro BJ, Steele JR.
Backpack load affects lower limb muscle activity patterns of female hikers during
prolonged load carriage. Submitted to the Journal of Electromyography and
Kinesiology, October, 2010.

Abstract
This study investigated the effect of prolonged load carriage on lower limb muscle
activity displayed by female recreational hikers. Electromyography (EMG) signals from
vastus lateralis (VL), biceps femoris (BF), semitendinosus (ST), tibialis anterior (TA)
and gastrocnemius (GM) were recorded for fifteen female hikers carrying four loads
(0%, 20%, 30% and 40% body weight (BW)) over 8 km. Muscle burst duration, muscle
burst onset relative to initial contact and integrated EMG signals (iEMG) were
calculated to evaluate muscle activity, whereas the shift in mean power frequency
(MPF) was used to evaluate muscle fatigue. Increased walking distance significantly
decreased the MPF of TA; decreased the iEMG for VL, ST and GM; and shortened VL
muscle burst duration. Furthermore, carrying 20-40% BW loads significantly increased
VL and GM iEMG and increased BF muscle burst duration, whereas a 40% BW load
caused a later VL muscle burst onset. The differences observed in muscle activity with
increased load mass seem to be adjustments aimed at maintaining balance and
attenuating the increased loads placed on the lower limb during gait. Based on the
changes in muscle activity, we recommend a backpack load limit of 30% BW for
female hikers during prolonged walking.

Introduction
The increased popularity of wilderness activities such as recreational hiking [1] implies
that injury and illness among participants [2] are becoming relevant to a larger
demographic group. The prolonged duration and varying intensities of recreational
hiking can be physically demanding on participants and, as a result, injuries have
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become an increasing concern for recreational hikers [3-6]. Hiking injuries involving
strains and sprains or other soft tissue injuries to the knees, ankles and feet account for
70-80% of all hiking-related injuries [3, 5, 6], with the leading contributing factors to
these injuries being falls/slips and overuse [2]. Outdoor education research has found
that female hikers suffer significantly higher injury rates than their male counterparts
participating in the same hiking activities [3, 4]. As injuries in wilderness environments
can make medical care and evacuation challenging, or even impossible, strategies to
prevent their occurrence are vital.
Reducing backpack mass has been suggested as one prevention strategy to reduce
hiking-related injuries [7]. Significant changes in physiological, biomechanical and
psychological parameters in response to changes in backpack load have led to a
recommended “optimal” backpack load mass of 30% body weight (BW) [8], with load
limit recommendations ranging from 40-60% BW [9, 10]. However, most of the
research investigating the effects of backpack load has been conducted on fit young men
(mainly soldiers), despite these study participants not representing the larger cohort of
recreational hikers, who can differ in age, gender and fitness [6]. Consequently, the
current backpack load mass guidelines may not be appropriate for groups such as
female recreational hikers.
Previous biomechanics studies have reported changes to stride length, stride
frequency, double and single support time, ankle and knee joint motion, joint moments
and vertical and horizontal ground reaction forces in response to variations in backpack
load [11-14]. Although the reported changes have been described as positive adaptations
aimed at aiding in shock absorption and maintaining stability [11], the effect of these
changes on the lower limb muscles, which moderate the base of support and aid in load
absorption, have not been investigated in recreational hikers. Analysing lower limb
muscle activity during load carriage can provide a better understanding of potential
mechanisms or contributing factors to the development of load carriage injuries in
recreational hikers and, therefore, is urgently needed.
Although no studies were found investigating a recreational hiking participant
group, previous studies have quantified lower limb muscle activity during load carriage
in other populations. For example, Han et al. [15] and Harman et al. [16] measured the
average amplitude of rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA)
and gastrocnemius (GM) electromyographic (EMG) activity when male soldiers carried
6 kg, 20 kg, 33 kg and 47 kg loads for 15 m and found that, as load mass increased,
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activity of RF and GM increased while TA and BF remained unaffected. Harman et al.
[12] also reported that GM activity increased when loads of up to 33 kg (42% BW) were
carried, but no further change was seen as load increased to 47 kg (61% BW),
suggesting that the musculature surrounding the knee may play a greater role in
attenuating the impact forces during heavy load carriage than the ankle musculature.
Muscle burst duration of vastus lateralis (VL) has also been shown to increase when
subjects walked for 5 min carrying loads equivalent to 20-50% BW, although
semitendinosus (ST) duration remained unchanged [17]. Although these previous
studies have examined lower limb muscle activity with increasing load mass, they
involved short-distance load carriage performed by male subjects. As loads are carried
by recreational hikers for extended periods of time, covering many kilometres a day [6],
assessing lower limb muscle activation over longer distances is imperative to ensure
results are relevant to the activities undertaken by recreational hikers. Furthermore, it
has been suggested that the lower limb kinematic and kinetic changes that have been
found in previous studies following prolonged load carriage may be due to fatigue of the
quadriceps muscles, resulting in the knee not being able to function as effectively to
absorb impact forces [13, 14, 18]. Given the increase in muscle activity of RF, VL and
GM found in short-distance studies it could be expected that prolonged load carriage
would induce much greater changes in these muscles.
Only one study was located that directly examined the effect of prolonged load
carriage on muscle activity. Roberts et al. [19] examined TA and GM muscle activity
while male soldiers, carrying 34.6 kg (42% BW), walked on a treadmill for 4 hr. These
authors found that TA displayed fatigue but no changes were seen in GM. However,
although the study by Roberts et al. [19] provided the first systematic investigation of
lower limb muscle activity during prolonged load carriage, the study only investigated
the muscles surrounding the ankle during treadmill walking. Given the whole body
interaction of walking and the high number of ankle and knee injuries sustained by
recreational hikers [2], particularly female recreational hikers [4], and the paucity of
research conducted on female recreational hikers, it is important to examine how the
muscles that control knee and ankle motion during load carriage function over distances
commonly traversed by this population. Furthermore, it is unknown how variations in
backpack load affect this muscular control during prolonged load carriage. Therefore,
the purpose of this study was to investigate the effect of increasing load mass and hiking
distance on lower limb muscle activity in female recreational hikers. It was
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hypothesised that increasing load mass would result in alteration in lower limb muscle
activation patterns, accompanied by an increase in muscle intensity for load mass and a
decrease in MPF for distance. The results of the study will expand the current
knowledge regarding recreational load carriage and increase the evidence base upon
which recommendations for load mass guidelines for female recreational hikers can be
developed.

Methods
Participants
Fifteen healthy, active female recreational hikers (mean age = 22.3 ± 3.9 years; height =
1.69 ± 0.1 m; mass = 61.2 ± 5.3 kg) volunteered to participate in the study. Participants
were recruited through the Outdoor Recreation Industry Council of New South Wales
(ORIC), the outdoors club at the University of Wollongong Recreation Centre, the
Faculty of Education outdoor education students, and from recreational hikers within
the general student population at the University of Wollongong. To be eligible to
participate in the study, the participants had to be free from any substantial
musculoskeletal or neurological disorders that could affect their gait; have completed
one overnight hike in the past 12 months and have experience carrying a backpack with
a load of 20-30% BW. Information relating to each participant’s health status and
physical activity were obtained through a screening questionnaire that comprised
questions from the American Sports Medicine pre-exercise screening guidelines [20]
and the Physical Activity Rating (PA-R) Scale [21]. The experimental protocol was
approved by the University of Wollongong Human Research Ethics Committee
(HE03/160) and all participants gave written informed consent prior to data collection.

Experimental Protocol
Participants visited the Biomechanics Research Laboratory at the University of
Wollongong for four testing sessions of approximately 3 hr per session. During the first
testing session, body height and mass were measured and participants were familiarised
with the load carriage course, backpack, testing equipment and testing procedures. The
participants were then prepared for testing by placing electrodes over the relevant
muscle bellies on their left lower limb. Prior to starting the load carriage trials, a
baseline walking trial was conducted with no backpack. Data were collected for five
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successful trials, ensuring each participant’s left foot contacted the force platform
during a normal stride.
Participants wore an Alpamayo ND Crossbow backpack (60 L; 3.2 kg; Lowe
Alpine, UK), which consisted of a harness designed for women and an adjustable back
length, which was individually fitted according to the manufacturer’s instructions. The
backpack was uniformly loaded with 20%, 30% or 40% of the participant’s BW using
four sand-filled plastic tubes (2 kg each). If necessary, additional mass was then added
by inserting metal rods (0.5 kg) into 19 mm diameter evenly-spaced rigid plastic tubes,
selecting tubes closest to the harness first and working outwards to ensure the centre of
mass of the backpack was as close to the trunk as possible.
Each load carriage trial involved the participants walking an 8 km load carriage
circuit at a self-selected pace, only stopping during designated rest periods. Participants
were allowed a 10 min rest period after completing 4 km of the course and short rests
(maximum 2 min) were permitted after completing each outdoor circuit as the
participant entered the laboratory, prior to data collection, which allowed time to check
attachment of equipment. Data were collected for 10 trials at each of four distances (0
km, 2 km, 4 km and 8 km). On subsequent load carriage trials participants performed
the other load conditions (0%, 20%, 30% and 40% BW) in a randomly assigned order.
To ensure recovery from any residual symptoms from a previous testing session a
minimum of three days separated each testing session. No special dietary or activity
restrictions were placed on the participants during this study. However, participants
were asked not to undertake any strenuous activity 24 hr before each testing session.

Load Carriage Course
The load carriage course, which has been described in detail previously [22], consisted
of 4 x 1.8 km outdoor circuits and 5 x 200 m indoor circuits totaling a distance of 8 km,
a typical load carriage distance commonly encountered by recreational hikers [6]. After
completing the outdoor circuit, participants returned to the laboratory and completed 10
x 20 m indoor circuits (200 m) where they walked along a 9 m level walkway and
across a force platform positioned in the centre of the walkway.

Muscle Activity Data
After standard preparation, disposable silver/silver-chloride bipolar surface electrodes
(Blue Sensor VL-50-K, Medicotest, Denmark) were attached to the muscle bellies of
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VL, BF, ST, TA and GM on each participant’s left lower limb. These muscles were
selected as they represent the main flexor and extensor groups of the lower limb joints
during gait [23]. As participants wore a hiking backpack with a wide padded hip belt it
was not possible to record valid data from the gluteal muscles. Due to the long duration
of the testing sessions and participant perspiration, large electrodes (54 mm diameter)
with good adhesive properties were used with an inter-electrode space of 30 mm.
Electrode placement sites were identified based on anatomical reference points and
confirmed by palpating the muscles while the participants performed isometric
contractions. Each electrode placement site was then marked on the skin with an
indelible surgical marker (Secureline, Precision Dynamics Corporation, California,
USA) to ensure the same positions in subsequent testing sessions.
Electromyographic data were collected for 4 s at 1000 Hz (16-500 Hz bandwidth)
using a Noraxon T900 Telemyo system (Noraxon Oy, Germany). A baseline trial was
conducted while the participants walked without wearing a backpack and data were then
collected for five successful trials per condition, that is, when the participants contacted
the force platform embedded in the floor. The raw EMG data for each muscle were
initially inspected and any trials grossly contaminated with noise or motion artefact
were disregarded from further analysis. Using custom written MatLabTM software
(Version 6.1, The Mathworks Inc., Natick, MA), the raw EMG data were full-wave
rectified and filtered using a fourth order zero-phase-shift Butterworth low pass filter (ƒc
= 20 Hz) to obtain linear envelopes. The linear envelopes were then again full-wave
rectified to convert any negative values arising from the filtering process to absolute
values. To determine the onset and offset of each muscle burst, a threshold detector set
at 10% of the maximum threshold of the burst of interest was applied to each linear
envelope [24]. The timing of the onset of muscle activity relative to initial foot-ground
contact (ms) and the duration of the muscle burst (ms) were then calculated for each of
the five muscles from the processed EMG data. The filtered and rectified EMG signals
were then integrated (iEMG, V.ms) for the duration of each muscle burst, and were
normalised with respect to data collected during the baseline walk for each testing
session to allow comparison of muscle intensity between load mass conditions. The
EMG signals were further processed using Fourier transformation and the mean power
frequency (MPF) was calculated to evaluate muscle fatigue using the method described
by Yoshino et al. [25]. The MPF data were normalised to the baseline walking trial (0%
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BW) and a shift in MPF to the lower end of the frequency spectrum was deemed to
indicate muscle fatigue [26].

Ground Reaction Forces
Ground reaction force (GRF) signals were collected for 4 s at 1000 Hz in
synchronisation with the EMG data using a Kistler multichannel force platform (Type
9253A, Kistler Instruments AG Winterthur, Switzerland) embedded flush with the
laboratory floor. The GRF signals were passed through a Kistler multichannnel charge
amplifier (Type 9865, Kistler Instruments AG Winterthur, Switzerland). The four
vertical (y), two anteroposterior (x) and two mediolateral (z) force channels were then
summed and scaled to obtain force-time curves in three orthogonal directions. The
vertical GRF were used to determine the time of initial foot-ground contact, which was
deemed to have occurred when the vertical GRF deviated by 20 N from the zero
baseline.

Statistical Analysis
Means and standard deviations for the EMG variables were calculated for each load and
distance condition. Normality and equal variance of the data were confirmed using a
Kolmogorov-Smirnov test with Lilliefors’ correction and Levene Median test,
respectively. The EMG variables were then analysed using a repeated measures
ANOVA with two within factors, backpack load and distance walked. Where a
significant main effect or interaction was noted, Bonferroni corrected paired t-tests were
used to evaluate the difference between loads or distances. Significance was accepted at
the level of p ≤ 0.05 and all statistical analyses were conducted using SPSS software
(Version 11.0 for Window, SPSS Science, Chicago, USA).

Results
Three of the 15 participants were unable to complete the last 2 km of the 40% BW
testing session; therefore, the data presented for the 40% BW load at the 8 km distance
is for 12 participants. No significant load mass x distance interactions were found for
any of the muscle activity data, such that the main effects of load mass, reported below,
were not moderated by distance walked.
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Load Effects
An increase in backpack load was found to have no significant main effects on the
recorded muscle burst duration or muscle onset times relative to initial contact for TA,
GM or ST when the data were pooled across walking distance (see Table 1). However, a
significant main effect of load was found for BF muscle burst duration (F = 11.990; p =
0.004), such that participants displayed significantly longer BF muscle burst duration
when carrying 40% BW load compared to 0% BW and when carrying 40% BW load
compared to 20% BW and 30% BW loads. Increased load also resulted in significantly
later VL muscle onset relative to initial foot-ground contact (F = 8.158; p = 0.011) when
participants carried the 40% BW load compared to 0% BW.
Table 1

Mean (± SD) muscle activity variables displayed by the participants during
the four load mass conditions.
Backpack Load Mass

Muscle

0% BW

20% BW

30% BW

40% BW

(n = 15)

(n = 15)

(n = 15)

(n = 12)

Muscle burst duration (ms)
TA

391 ± 136

279 ± 53

386 ± 125

380 ± 120

GM

374 ± 66

381 ± 52

398 ± 51

404 ± 50

VL

297 ± 40

293 ± 52

305 ± 66

319 ± 71

ST

253 ± 61

258 ± 56

257 ± 49

264 ± 49

BF

263 ± 47

279 ± 53

281 ± 73

309 ± 67*

Muscle burst onset time to initial foot-ground contact (ms) a
TA

-286 ± 121

-280 ± 121

-274 ± 119

-251 ± 116

GM

160 ± 47

155 ± 67

184 ± 54

170 ± 35

VL

-118 ± 28

-99 ± 28

-94 ± 30

-83 ± 28*

ST

-190 ± 25

-193 ± 28

-193 ± 31

-189 ± 21

BF

-189 ± 22

-188 ± 25

-190 ± 184

-184 ± 53

Mean Power Frequency (%)
TA

103.2 ± 5.8

99.5 ± 6.49

101.5 ± 5.9

102.7 ± 5.5

GM

102.2 ± 4.1

106.2 ± 5.9

104.4 ± 5.5

104.9 ± 5.5

VL

102.2 ± 5.9

106.1 ± 5.0

107.5 ± 9.0

109.7 ± 9.7

ST

106.4 ± 4.0

105.7 ± 6.3

106.4 ± 7.7

101.5 ± 5.4

BF

107.1 ± 5.2

104.9 ± 6.1

100.4 ± 6.1

103.2 ± 8.1

* p < 0.05 compared to the 0% BW condition
TA = tibialis anterior; GM = gastrocnemius; VL = vastus lateralis; ST = semitendinosus; BF =
biceps femoris
a
A negative onset indicates the muscle was activated before initial foot-ground contact
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A significant main effect of load was found for the iEMG data for VL and GM
when the data were pooled across walking distance (VL: F = 10.550, p = 0.005; GM: F
= 12.699, p = 0.001). That is, iEMG for VL and GM were significantly larger when
participants carried 20% BW, 30% BW and 40% BW loads compared to 0% BW (see
Figure 1). No significant main effects of load on MPF were found for any of the
muscles recorded when data were pooled across distance (see Table 1).
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Figure 1

20%

30%

40%

Effect of increases in load mass on muscle intensity reported as a
percentage of the baseline walking trial (mean (SD); * denotes a significant
difference (p < 0.05) compared to the 0% BW condition).

Distance Effects
No significant main effects of distance were found for muscle onset times relative to
initial foot-ground contact (see Table 2). Similarly, no significant main effects of
distance were found for muscle burst duration for any of the muscles except VL (F =
6.539, p = 0.026), whereby participants displayed significantly shorter muscle burst
duration at the 8 km distance compared to 0 km (see Table 2). Significant main effects
of distance were found for the iEMG data for VL, GM and ST (VL: F = 10.388, p =

71

0.006; GM: F = 7.005, p = 0.01; ST: F = 5.731, p = 0.027). That is, the participants
displayed significantly less iEMG for GM, VL and ST at 2 km, 4 km and 8 km
distances compared to the 0 km distance (see Figure 2). Significant main effects of
distance were also found for the MPF for TA (F = 69.096, p = 0.014) and BF (F =
13.780, p = 0.007). The MPF for BF was significantly higher at 4 km and 8 km
compared to the 0 km distance (see Table 2). The MPF of the EMG signal recorded
from TA was significantly lower at 8 km compared to 4 km.

Table 2

Mean (± SD) muscle activity variables displayed by the participants during
each of the walking distance conditions.
Walking Distance

Muscle

0 km

2 km

4 km

8 km

(n = 15)

(n = 15)

(n = 15)

(n = 12)

Muscle burst duration (ms)
TA

371 ± 91

351 ± 83

352 ± 92

353 ± 112

GM

386 ± 53

387 ± 51

391 ± 55

391 ± 48

VL

319 ± 53

300 ± 54

302 ± 58

294 ± 60*

ST

274 ± 60

252 ± 50

254 ± 47

245 ± 65

BF

279 ± 53

280 ± 61

283 ± 55

276 ± 65

Muscle burst onset time to initial foot-ground contact (ms)

a

TA

-286 ± 115

-265 ± 112

-277 ± 125

-259 ± 113

GM

176 ± 44

171 ± 37

167 ± 43

154 ± 41

VL

-105 ± 28

-93 ± 28

-91 ± 34

-94 ± 25

ST

-195 ± 33

-192 ± 25

-196 ± 35

-180 ± 22

BF

-189 ± 27

-178 ± 35

-201 ± 55

-184 ± 25

Mean Power Frequency (%)
TA

101.1 ± 2.2

102.8 ± 4.7

104.1 ± 5.9

100.8 ± 7.4#

GM

102.2 ± 3.1

104.2 ± 4.3

105.5 ± 4.3

105.4 ± 4.8

VL

105.7 ± 7.0

107.4 ± 8.2

107.1 ± 6.1

109.3 ± 6.5

ST

99.5 ± 3.7

105.1 ± 3.3

107.4 ± 3.8

109.1 ± 4.4

BF

98.9 ± 4.2

102.9 ± 8.8

105.6 ± 5.2*

107.9 ± 6.2*

* p < 0.05 compared to the 0 km distance
p < 0.05 compared to the 4 km distance
TA = tibialis anterior; GM = gastrocnemius; VL = vastus lateralis; ST = semitendinosus; BF =
biceps femoris
a
A negative onset value indicates muscle activity onset before initial foot-ground contact
#
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Effect of walking distance on muscle intensity reported as a percentage
of the baseline walking trial (mean (SD); * denotes a significant
difference (p < 0.05) compared to the 0 km distance).

Discussion
This is the first study to systematically assess the muscle activity displayed by female
recreational hikers while they walked with varying backpack loads over a prolonged
distance. Significant changes in muscle activity were found in response to increases in
both load mass and walking distance, although no significant load mass x walking
distance interactions were identified.

Load Effects
A significant load effect was found for muscle burst intensity of VL and GM and
muscle activity patterns of VL and BF. The iEMG of VL and GM increased with load,
which is consistent with previous results [15, 16]. The increase in iEMG of VL may be
required to control knee flexion to compensate for the additional load and to maintain
lower limb stability as load mass increases. Similarly, GM also helps to support the
knee during stance, decelerate the tibia in preparation for initial foot-ground contact and
then provides most of the power for walking by plantar flexing the foot during terminal
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stance [23]. Therefore, the increase in iEMG of GM is thought to reflect the greater
muscular effort required by participants to overcome the inertia associated with
increasing backpack load [27]. Harman et al. [12] found a similar increase in GM EMG
activity when subjects carried up to 33 kg (42% BW), although no further change was
seen as load increased to 47 kg (61% BW). However, quadriceps muscle activity
continued to increase with increasing load. This led Harman et al. [12] to speculate that,
whereas the muscles surrounding the ankle may play a greater role at low loads, the
muscles around the knee may play a greater role during heavy load carriage.
In the present study, both VL and GM iEMG increased when increasing loads
were carried, although there were not significant or proportional increases in iEMG with
additional load to 40% BW. For ethical reasons, the female participants in the present
study only carried loads up to 40% BW and, therefore, the findings of the present study
were unable to confirm whether additional muscular effort, particularly in the muscles
surrounding the knee, would have been required to compensate for backpack loads
above 40% BW. Regardless, increased muscle activity of VL and GM with increasing
load would come at a greater energy cost [28] and with greater subjective workload (i.e.
RPE) as has been found in previous research [22]. Therefore, although there were no
changes in MPF of either muscle in the present study, during prolonged hikes greater
than 8 km, we speculate that this additional muscular effort may lead to lower limb
muscle fatigue, putting hikers at greater risk of lower limb injury when carrying heavy
loads.
Participants in the present study displayed significantly longer BF muscle burst
duration and later VL activation only when carrying the 40% BW load relative to no
load. This may reflect the need for additional lower limb stability during the stance
phase of gait, rather than just at initial contact, when carrying the heavier load. During
the swing phase of gait, the quadriceps muscles work concentrically to extend the knee
while the hamstring muscles contract eccentrically to decelerate the forward swinging
limb in preparation for initial foot-ground contact [23]. Following initial contact, VL
provides the dominant activity responsible for slowing knee flexion as full weight
bearing takes place [29], whereas while BF is the primary hamstring muscle that
controls hip extension during the loading response [30]. Therefore, as previous studies
have shown greater knee flexion at initial contact when carrying heavier loads [14, 27],
the later VL onset suggests a delay in VL slowing knee flexion, allowing greater knee
flexion with increased load and, in turn, improved load dissipation during the loading
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response. We speculate that the greater BF duration reflects a longer time to control the
hip during stance when carrying the heavy load.
Following initial foot-ground contact, the hamstring and quadriceps muscles cocontract throughout the loading response allowing knee flexion for shock absorption
while maintaining lower limb stability [31, 32]. The altered quadriceps and hamstring
co-contraction patterns evident in the present study may result in increased knee joint
loading [33] and, in turn, greater injury risk. However, in the present study, the changes
in VL and BF co-activation were only seen when participants carried the 40% BW load,
suggesting that carrying 40% BW load during prolonged walking poses an injury risk
for female recreational hikers. Therefore, minimising these changes by selecting a load
mass of 30% BW or below when walking long distances may reduce the risk of injuries
in female recreational hikers. However, as recreational hiking is a leisure activity
enjoyed by people with a wide range of experience and fitness levels, the load mass
recommendation may require adjustment for novice, inexperienced or less-conditioned
female hikers or when hiking over rough, uneven terrain for longer distances.

Distance Effects
A significant distance effect was found for iEMG activity of VL, ST and GM muscles,
which significantly decreased at 2 km when compared to 0 km, but did not continue to
decrease as walking distance increased past 2 km. This would indicate that there were
no additional demands on the muscles surrounding the ankle and knee once participants
were accustomed to the walking task, despite the prolonged nature of the walking
course. The reduced VL, ST and GM iEMG from 0-2 km may indicate a change to the
functioning of these muscles to minimise energy expenditure during prolonged load
carriage. Alternatively, the decrease in ST iEMG may indicate a reduction in the ability
or need for this muscle to decelerate the limb in preparation for initial contact and
during early stance, which may result in increased impact force [14]. Furthermore, the
reduced GM intensity may result in a decreased propulsive force at toe off and a
reliance on the hip flexors to generate the necessary propulsive forces when walking
with a loaded backpack [34]. As hip muscle activity was not assessed in the present
study, the role of the muscles surrounding the hip during prolonged load carriage should
be investigated in future studies.
Compared to 0 km, at 8 km VL displayed significantly shorter muscle burst
duration as a result of earlier muscle burst offset. Although no previous studies were
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located which investigated quadriceps muscle activity during prolonged load carriage
against which to compare the current results, shorter VL activation and decreased VL
iEMG may reduce the ability of VL to eccentrically control knee flexion and lessen
protection of lower limb structures, such as the knee, from impact forces during stance.
This altered activation pattern may result in the altered kinematics and kinetics reported
in previous studies on prolonged load carriage [13, 14, 18], which have been suggested
to be potentially injurious when carrying high loads over prolonged distances.
The behaviour of iEMG as a measure of muscle fatigue is contentious for dynamic
activities [35]. Consequently, MPF was used to determine whether local muscle fatigue
occurred within any of the muscles investigated in the present study. Increased walking
distance, from 4 km to 8 km resulted in decreased MPF of TA, indicating that TA
activity was reduced by local muscle fatigue [36] over prolonged distances. Similar
results, albeit recorded over longer distances, were described by Roberts et al. [19] and
Yoshino et al. [25]. Tibialis anterior has a very complex role during gait, functioning to
ensure adequate toe clearance during swing, correct ankle alignment at initial footground contact and eccentrically lowering the forefoot to the ground during loading
response [23]. Local muscle fatigue of TA may reduce the ability of this muscle to
complete these functional roles as hiking distance increases. These changes may
increase the risk of recreational hikers experiencing trips, slips and falls due to
compromised toe clearance during the swing phase of gait and impaired ankle
alignment, particularly if walking over rough, uneven terrain. Mizrahi et al. [37] and
Voloshin et al. [38] also suggested that a fatigued musculoskeletal system is less able to
attenuate impact forces, potentially increasing the risk of lower limb injuries,
particularly overuse injuries such as stress fractures. Furthermore, the significant
increase in MPF for BF at the 4 km and 8 km distances may be a result of muscle
heating or, alternatively, be due to the progressive recruitment of motor units in order to
compensate for progressive fatigue of already recruited muscle fibres [39]. This
suggests that as TA fatigues, there is a greater need for the knee and perhaps the hip
musculature to assist the lower limb absorb the impact forces during gait when ankle
function is compromised. Therefore, future studies should investigate strategies to
minimise the effects of TA fatigue, such as rest breaks, changes in backpack design or
muscle strengthening exercises.
The lack of load x distance interactions in the present study was unexpected, as
we anticipated that the effects of increases in load would be moderated by walking
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distance. However, as recreational hiking usually requires traveling long distances, over
multiple days and often over difficult terrain, the lack of interactions may be a result of
the 8 km flat load carriage course not being sufficiently challenging for experienced
recreational hikers to moderate any load effects in muscle activity. Therefore, future
research should establish the effects of prolonged hiking on lower limb muscle activity
over longer distances and more challenging terrain when hiking over multiple days.

Conclusion
This study is unique within load carriage research as it is the first to report the effects of
carrying loads up to 40% BW over prolonged distances on lower limb muscle activity.
Female recreational hikers displayed a consistent pattern of lower limb muscle activity
after walking 2 km, which was maintained throughout the rest of the hike. However, at
the end of the 8 km hike TA fatigue was evident, indicating the functional roles of this
muscle may be compromised during prolonged hikes. As load mass increased, the
participants utilised increased VL, ST and GM muscle activity in order to maintain
lower limb stability and aid in shock absorption. However, significant changes in VL
and BF co-activation were only evident when participants carried the 40% BW load,
suggesting that carrying 40% BW load may alter knee joint loading and pose an injury
risk. It is recommended that selecting a load mass up to 30% BW may minimise
changes to lower limb muscle activation patterns, potentially reducing injury risk in
female recreational hikers when undertaking prolonged hikes of approximately 8 km.
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CHAPTER 6
Effect of load mass on posture, heart rate and subjective responses of
recreational female hikers to prolonged load carriage

This chapter is an adapted version of the manuscript: Simpson K, Munro BJ, Steele JR.
2010. Effect of mass on posture, heart rate and subjective responses of female
recreational hikers to prolonged load carriage. Applied Ergonomics, in press (Accepted
September, 2010).

Abstract
Load carriage has been associated with a risk of upper and lower limb musculoskeletal
disorders with women suffering significantly higher injury rates than their male
counterparts. Despite this injury risk, there are limited evidence-based guidelines for
recreational hikers, particularly female recreational hikers, regarding safe backpack
loads. The purpose of the present study was to determine how variations in load mass
affected the heart rate, posture and subjective responses of women during prolonged
walking to provide evidence for a load mass limit for female recreational hikers. Heart
rate (HR), posture, ratings of perceived exertion (RPE) and discomfort were collected
for 15 female experienced recreational hikers (22.3 ± 3.9 years) while they hiked for 8
km at a self-selected pace under four different load conditions (0%, 20%, 30% and 40%
of body weight (BW)). Although HR was not significantly affected by load mass or
walking distance, increasing load mass and distance significantly affected posture, RPE
and discomfort of the upper body. Carrying a 20% BW load induced significant changes
in trunk posture, RPE and reported shoulder discomfort compared to the unloaded
condition. The 20% BW load also resulted in a mean RPE rating of ‘fairly light’, which
increased to ‘hard’ when carrying a 40% BW load. As load carriage distance increased
participants reported significantly increased shoulder, neck and upper back discomfort.
Based on the changes to posture, self-reported exertion and discomfort when carrying
loads of 20%, 30% and 40% BW over 8 km, it was concluded that a backpack load limit
of 30% BW should be recommended for experienced female recreational hikers during
prolonged walking.
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Introduction
Hiking is an increasingly popular outdoor recreational pursuit [1] with large participant
numbers who vary widely in terms of age, gender and hiking experience [2]. Hikes can
range from simple day hikes to multiday expeditions and the loads carried by
recreational hikers vary with factors such as terrain, hike duration and the season of
travel. Although recreational hiking has been associated with positive health benefits
[3], these benefits can be negated by the occurrence of injury or discomfort [4]. Load
carriage has been associated with an increased risk of musculoskeletal disorders in both
the upper and lower limbs in recreational and working populations [5-7] relative to
walking without carrying a load. Furthermore, research has found that women suffer
significantly higher injury rates than males participating in the same hiking activities in
outdoor education [6, 8]. Despite this injury risk, there are limited evidence-based
guidelines, particularly for female recreational hikers, regarding safe backpack loads.
Determining safe and efficient methods of carrying load have been the subject of
investigation for many years [9, 10], with researchers examining the physiological [1113], postural [14, 15], gait [16] and subjective responses [17, 18] to load carriage.
Postural measures have been used to examine responses to load carriage [15, 16] based
on the rationale that postures which deviate from normal alignment may be associated
with increased energy cost of walking, as well as back, shoulder and neck pain and
discomfort [19]. The results of these studies have consistently observed increased
forward flexion of the trunk [14, 20] with loads as low as 15% of body weight (BW) in
adults [21]. Although it is assumed that this forward trunk flexion results from a need to
move the mass of the backpack closer to the body’s centre of gravity to ensure walking
stability [15], this posture may lead to increased loading and consequent discomfort in
the shoulder and back regions [20]. Increased trunk flexion may also contribute to back
pain by stressing ligaments and/or muscles in the back or by increasing the lumbosacral
forces on the spine [20, 22]. Trunk flexion as low as 5o has been suggested as being a
significant indictor of spinal stress [23]. Therefore, determining postural changes as
load increases may assist in determining recommendations for safe load carriage mass.
Subjective measures, such as ratings of perceived exertion (RPE) and
measurement of pain and discomfort, maybe also be helpful in developing backpack
load mass guidelines [24, 25]. Previous studies have reported that RPE is significantly
higher as load mass increases [26, 27], although the perceived level of exertion varies
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between subject populations, with civilians rating loads as being more difficult to carry
than military subjects. For example, Beekley et al. [13] found that male soldiers rated a
load mass of 26% BW as ‘light’, 43% BW between ‘light’ and ‘somewhat hard’ and
60% BW between ‘somewhat hard’ and ‘hard’ and Sagiv et al. [12] found that male
soldiers rated load masses of both 53% BW and 66% BW as between ‘light’ and
‘somewhat hard’. In comparison, Goslin & Rorke [27] and Gordon et al. [26] found that
civilian males rated a 20% BW load mass as ‘light’ and 30% and 40% BW as
‘somewhat hard’ on a RPE scale. Although it is unknown how female military
personnel or recreational hikers perceive increased load mass during prolonged load
carriage, it has been suggested that local discomfort may dominate perceptions of
exertion resulting in increased RPE [26].
In studies of male soldiers, the shoulder has been reported to be the most painful
and uncomfortable body region when carrying loads between 15% BW and 70% BW
[24, 25]. The neck, upper back and hips are other body regions reported to incur pain or
discomfort during prolonged load carriage [18, 25, 28]. As 70% of the backpack mass is
supported by the upper back and shoulders [29], women may be more affected by
shoulder discomfort and cease hiking activities at a lower relative load mass than males
due to less upper body strength [28]. In support of this notion, backpack strap-related
discomfort in the shoulders has been reported as a factor for women stopping load
carriage activities in the military [30]. In addition, higher shoulder strap-skin pressures
have been reported for women compared to men [31]. However, recent research on
pressure mapping technology using a human shoulder-shaped model has found high
error rates under dynamic conditions [25]. Therefore, using female hikers’ own
perceptions of the effects of variations in load mass during backpack carriage may be a
useful approach in attempting to develop safe backpack load mass guidelines, especially
if the results are used in conjunction with objective measures such as heart rate and
posture.
Physiological studies have consistently shown that heart rate and oxygen
consumption increase as load mass increases during short term load carriage (< 1 hour)
[13, 32]. During prolonged load carriage, that is walking with a load for longer than 1
hour, the effects on physiological parameters are not as clear. Although some
investigators have reported no significant differences in oxygen consumption or heart
rate for male soldiers walking on a treadmill at constant pace with loads ranging from
33-66% BW for durations of 1-4 hours [12, 33, 34], others have reported increased
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oxygen consumption and heart rate [11, 26, 35] after male soldiers walked for 40 min to
4 hours with 30-64% BW loads. It has been suggested that the between-study
differences in results are related to a subject’s level of work intensity. That is, a work
intensity greater than 50% of VO2max is required before an increase in VO2 has been
found [36]. However, most of these previous studies were conducted with male subjects
walking at a constant controlled speed on a treadmill. As recreational hikers walk overground at a self-selected speed, they may modify their gait to maintain a steady pace,
matched to their preferred level of work intensity as load mass or distance increase. Few
studies have considered the effect of increases in load mass on subjects, particularly
women, walking over-ground at a self-selected speed for an extended time. It is
therefore unknown what load recreational hikers are capable of carrying for longer
durations without undue physiological stress.
Although a general recommendation for backpack load mass of 30% BW exists,
other research has suggested that 40-60% BW can be safely carried [9, 25, 37]. These
recommended limits are based on research on healthy young adult males, mostly
soldiers [9]. The literature also recommends load mass guidelines for school backpack
load carriage in school children of between 10-15% BW [38-41]. However, these school
backpack load mass guidelines are likely to be impractical for adult recreational hikers
who often need to carry food, clothing and camping equipment and are exposed to load
carriage for longer periods than they would be during daily schoolbag load carriage
[42]. Of all the studies on load carriage located, only three investigated female subjects
exclusively [30, 31, 34]. These studies assessed female soldiers carrying backpacks of
different design while walking on treadmills at constant speeds. None of the studies,
however, assessed female recreational hikers carrying a load over prolonged distances.
Despite the positive association between hiking injury and female gender in outdoor
education participants [6, 43], there is a lack of research on the heart rate, postural or
subjective responses of women to prolonged load carriage upon which to develop safe
load carriage mass guidelines for women. Therefore, the purpose of the present study
was to determine how variations in load mass affected the heart rate, postural and
subjective responses of women during a prolonged hike. It was hypothesised that
increasing load mass and distance would result in increased RPE and discomfort ratings
and increased forward flexion of the trunk. The results will be used as evidence upon
which to develop recommendations for a load mass limit for female recreational hikers.
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Methods
Participants
Fifteen healthy, active female recreational hikers (mean age = 22.3 ± 3.9 years; height
1.69 ± 0.1 m; mass 61.2 ± 5.3 kg) volunteered to participate in the study. Participants
were screened to ensure they had no musculoskeletal or neurological disorders that
would be aggravated by load carriage. Information relating to the participant’s health
status and physical activity were obtained through a screening questionnaire that
comprised questions from the American Sports Medicine pre-exercise screening
guidelines [44] and the Physical Activity Rating (PA-R) Scale [45]. The experimental
protocol was approved by the University of Wollongong Human Research Ethics
Committee (HE03/160) and all participants gave written informed consent prior to data
collection.

Experimental Protocol
Participants visited the Biomechanics Research Laboratory at the University of
Wollongong for four testing sessions of approximately 3 hr per session. The testing
sessions were scheduled 3 to 7 days apart to ensure recovery between conditions, with
all four sessions per participant completed within 4 weeks. During the first testing
session, body height and mass were measured and participants were familiarised with
the load carriage course, backpack, testing equipment and testing procedures. Each load
carriage trial involved the participants walking an 8 km load carriage circuit at a selfselected pace, only stopping during a designated 10 min rest period after completing 4
km of the course. The 8 km load carriage course consisted of 4 x 1.8 km outdoor
circuits and 5 x 200 m indoor circuits, conducted in an alternating manner. A distance of
8 km was chosen for the load carriage course to represent a typical load carriage
distance commonly encountered by recreational hikers [2]. The level 1.8 km outdoor
circuit comprised 900 m of bitumen and paved surfaces and 900 m of rough gravel
surface. These surfaces were chosen as there would be minimal changes to surface
conditions between testing sessions due to inclement weather as testing occurred over
several months. After completing the outdoor circuit, subjects returned to the laboratory
and completed 10 x 20 m indoor circuits (200 m).
Prior to the load carriage trials participants were asked to stand with the loaded
backpack (for the 20%, 30% and 40% BW conditions) or with no backpack (0% BW
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condition) so that baseline heart rate (HR), RPE and discomfort ratings could be
recorded (0 km HR, RPE and discomfort data). Participants then completed an indoor
circuit where kinematic data were collected (0 km). Postural, HR, RPE and discomfort
data were then collected at each of four distances (2 km, 4 km, 6 km and 8 km) as the
participants returned to the laboratory. The total time to complete each 1.8 km outdoor
load carriage circuit was measured using a stopwatch as the participant left and entered
the laboratory and an average walking velocity was then calculated. On subsequent load
carriage trials participants performed the other load conditions (0%, 20%, 30% and 40%
BW), in a randomly assigned order.
Participants wore an Alpamayo ND Crossbow (60 L; 3.2 kg; Lowe Alpine, UK)
backpack, which consisted of a harness designed for women, which was individually
fitted according to the manufacturer’s instructions. The backpack had wide, well-padded
shoulder, hip, lumbar and waist straps and was adjustable for individuals with different
back lengths. This backpack was chosen because it was a popular, high-quality hiking
backpack with a harness designed for women for improved backpack fit and to reduce
any discomfort in the shoulder and neck areas. The backpack was loaded with 20%,
30% or 40% of the participant’s BW using four sand-filled plastic tubes (2 kg each). If
necessary, additional mass was then added by inserting metal rods (0.5 kg, 670 mm
length) into 19 mm diameter evenly spaced fixed rigid plastic tubes along the length of
the backpack. More specifically, the load was packed so that the centre of mass of the
backpack was as close to the trunk as possible and distributed evenly on the right and
left sides of the body and along the length of the backpack to maintain as constant a
location of the centre of mass for the load as possible. To ensure recovery from any
residual symptoms from a previous testing session a minimum of 3 days separated each
testing session. No special dietary restrictions were placed on the participants while
involved in this study. However, participants were asked not to undertake any strenuous
activity 24 hr before each testing session.

Data Collection and Analysis
At each testing session, HR was collected using a Sports Tester Vantage NV heart rate
monitor (Polar Electro, Finland), comprising a chest-mounted electrode/transmitter and
a wrist-mounted receiver. At the end of each 1.8 km outdoor circuit, participants were
instructed to provide a RPE using the standardised Borg 6-20 [46] scale (6 = “very
light” to 20 = “maximal effort”) and the location and severity of discomfort using a
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modified version of the Body Map [47] (see Figure 1). Discomfort was mapped to seven
body regions, including the neck, shoulders, upper back, lower back, hips, thighs and
legs, using a 100 mm visual analog scale (VAS), which had anchors of ‘no discomfort’
(0) and ‘extreme discomfort’ (100). Participants were verbally encouraged to consider
and report all uncomfortable body regions.

Neck

1
2

2
3

Upper back

Lower back

4

Hips

5

6

Shoulders

6
Thighs

Legs
7

7

Figure 1 Subjective discomfort Body Map (modified from Corlett & Bishop,[47])
used to determine discomfort levels reported by participants during the 8 km
hike.
Two-dimensional kinematic data were collected (100 Hz) using an OPTOTRAK
3020 motion analysis system (Northern Digital Inc., Ontario, Canada). Infrared emitting
diodes (IRED) were placed on the greater trochanter and acromion to define the trunk
segment of the left side of each participant. After filtering the kinematic data using a
fourth-order low-pass Butterworth filter (ƒc = 7 Hz), sagittal plane peak trunk flexion
angle relative to the horizontal and range of motion (ROM) were calculated during the
stance phase of gait, as indicated by collection of ground reaction forces (1000 Hz,
Kistler Instruments AG Winterthur, Switzerland).
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Statistical Analysis
Means and standard deviations for the HR, posture and subjective variables were
calculated for each load mass and load carriage distance. Normality and equal variance
of the data were confirmed using a Kolmogorov-Smirnov test with Lilliefors’ correction
and Levene Median test, respectively. The HR, posture and subjective variables were
then analysed using a two-way repeated measures ANOVA, with two factors (load mass
and load carriage distance). Where a significant main effect or interaction was noted,
Bonferroni corrected paired t-tests were used to evaluate the difference between loads or
distances. Significance was accepted at the level of p ≤ 0.05 and all statistical analyses
were conducted using SPSS software (Version 11.0 for Window, SPSS Science,
Chicago, USA).

Results
Although 15 participants were involved in the present study, three participants were
unable to complete the last 2 km of the 40% BW testing session due to extreme
discomfort in the shoulder region. Therefore, data presented for the 40% BW load at the
8 km distance is for 12 participants. As there were no load mass x load distance
interactions, the results will be discussed according to load and distance effects
separately.

Load Effects
The mean and standard deviation values for the HR, RPE and discomfort variables in
the four load conditions when data were pooled across walking distance are shown in
Table 1. Load mass had a significant effect on posture, HR and RPE. Subsequent
pairwise comparisons showed that the 20% BW, 30% BW and 40% BW loads induced
significant increases in trunk flexion compared to the 0% BW condition (see Table 1).
In addition, the 40% BW loads resulted in greater trunk flexion than the 20% BW load.
There was no significant main effect of load on trunk ROM. However, there were
significant increases in HR and RPE when carrying 20% BW, 30% BW, and 40% BW
compared to 0% BW. Furthermore, the RPE ratings reported by participants were
significantly higher at the 30% and 40% BW loads compared to the 20% BW load and
with the 40% BW load compared to the 30% BW load (see Table 1).
The discomfort ratings increased in all areas of the body with increased load (see
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Figure 2). However, although high discomfort ratings were reported for the shoulder,
neck and upper back for all load conditions, a significant main effect of load was only
found for shoulder discomfort (see Table 1). Shoulder discomfort was significantly
higher when carrying 20%, 30% BW and 40% BW loads compared to 0% BW; when
carrying the 40% BW loads compared to the 20% BW load and when carrying the 40%
BW load compared to the 30% BW load. Further statistically significant differences in
discomfort scores for other body areas may not have been found due to the large
variability evident in the discomfort data (see Figure 2). This large variability indicates
that the assessment of discomfort for different backpack loads is highly subjective and
individualised.
Table 1

Mean (± SD) heart rate, rating of perceived exertion, discomfort and
postural data reported by the participants for the four load mass conditions.
Variable

0% BW

20% BW

30% BW

40% BW

(n = 15)

(n = 15)

(n = 15)

(n = 12)

Heart rate

108 ± 13

116 ± 16*

115 ± 14*

117 ± 18*

RPE

8.8 ± 1.9

10.4 ± 1.2*

11.6 ± 1.3*†

13.3 ± 1.4*†#

1.57 ± 0.10

1.49 ± 0.12

1.41 ± 0.10

1.33 ± 0.09

Neck

0.8 ± 1.5

12.8 ± 20.1

19.5 ± 20.2

32.1 ± 25.8

Shoulder

1.2 ± 2.2

17.2 ± 20.3*

27.3 ± 20.6*

43.9 ± 23.3*†#

Upper back

0.9 ± 1.6

11.2 ± 12.7

18.9 ± 21.1

33.7 ± 26.2

Lower back

2.4 ± 4.8

4.2 ± 7.3

7.7 ± 12.0

14.2 ± 16.3

Hips

2.0 ± 3.7

3.3 ± 4.3

7.2 ± 13.0

14.4 ± 17.6

Thighs

2.1 ± 4.1

3.9 ± 7.3

5.8 ± 12.5

8.5 ± 13.4

Legs

3.0 ± 5.7

6.2 ± 11.3

6.9 ± 14.0

8.6 ± 16.0

Peak trunk flexion (o)ŧ

84 ± 3

78 ± 3*

75 ± 3*

Trunk ROM (o)

14 ± 2

12 ± 5

11 ± 3

Velocity (m.s-1)
Discomfort (Score out of 100)

Posture
73 ± 5*†
14 ± 7

* denotes a significant difference p < 0.05 compared to the 0% BW condition
†

denotes a significant difference p < 0.05 compared to the 20% BW condition

#

denotes a significant difference p < 0.05 compared to the 30% BW condition

ŧ

sagittal plane peak trunk flexion angle relative to the horizontal; a smaller angle denotes
increased trunk flexion

RPE = rating of perceived exertion; ROM = range of motion
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Figure 2

Mean (+ SD) discomfort (visual analog scale (VAS) score) in seven body
regions reported by the participants (n = 15 except the 40% BW load and 8
km distance where n = 12) when walking for 8 km carrying 0%, 20%, 30%
and 40% BW loads.
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Distance Effects
A significant main effect of distance was found for peak trunk flexion and trunk ROM
when the data were pooled across load mass (see Table 2). Participants displayed
significantly greater trunk flexion at the 4 km, 6 km and 8 km distances compared to the
0 km distance (see Table 2). The 4 km, 6 km and 8 km distances also resulted in greater
trunk flexion compared to the 2 km distance. Although a significant main effect of
distance were also found for the trunk ROM (see Table 2), further analysis revealed no
significant differences between distances.

Table 2

Mean (± SD) heart rate, rating of perceived exertion, discomfort and postural
data reported by the participants during the 8 km hike.

Variable
0 km

2 km

4 km

6 km

8 km

(n = 15)

(n = 15)

(n = 15)

(n = 15)

(n = 12)

Heart rate

83 ± 11

120 ± 17*

122 ± 20*

119 ± 31*

127 ± 17*†

RPE

7.7 ± 1.1

11.2 ± 1.2*

12.3 ± 1.1*†

12.0 ± 2.9*

12.8 ± 1.7*†

0

1.43 ± 0.10

1.45 ± 0.10

1.46 ± 0.09

1.46 ± 0.09

Velocity (m.s-1)

Discomfort (Score out of 100)
Neck

7.3 ± 12.5

15.8 ± 16.5*

19.8 ± 16.6*†

21.9 ± 18.1*†

20.7 ± 16.5*†

Shoulder

9.7 ± 13.5

21.6 ± 15.4*

28.3 ± 17.0*†

27.7 ± 16.6*

27.9 ± 15.7*

Upper back

7.1 ± 12.7

15.7 ± 14.8*

20.7 ± 15.0*

20.9 ± 16.6*

19.1 ± 15.1*

Lower back

4.3 ± 6.8

6.3 ± 8.1

8.8 ± 11.5

9.8 ± 11.9

8.6 ± 12.4

Hips

3.3 ± 5.8

5.8 ± 8.3

8.7 ± 10.8

9.5 ± 11.8

8.3 ± 11.3

Left thigh

2.6 ± 4.8

4.6 ± 8.1

6.2 ± 11.7

7.7 ± 12.5

6.7 ± 12.0

Left leg

2.5 ± 5.9

6.0 ± 10.8

6.9 ± 12.9

8.7 ± 14.6

9.3 ± 16.8

Peak trunk flexionŧ

79 ± 3

78 ± 3

77 ± 3*†

Trunk ROM

12 ± 3

13 ± 4

13 ± 4

Posture (o)
77 ± 3*†
12 ± 3

76 ± 3*†
13 ± 3

* denotes a significant difference p < 0.05 compared to the 0 km distance
†

denotes a significant difference p < 0.05 compared to the 2 km distance

ŧ

sagittal plane peak trunk flexion angle relative to the horizontal; a smaller angle denotes
increased trunk flexion

RPE = rating of perceived exertion; ROM = range of motion
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A significant main effect of distance was found for HR, RPE and posture when
the data were pooled across load mass (see Table 2). Heart rate and RPE were
significantly higher at the 2 km, 4 km, 6 km and 8 km distances compared to the 0 km
distance when the participants were standing still with the loaded backpack. However,
although HR did not show any further significant increases as distance increased, RPE
was significantly higher at the 4 km and 8 km distances compared to the 2 km distance.
Significant main effects of distance were also found for neck, shoulder and upper back
discomfort when the data were pooled across load (see Table 2). That is, participants
reported significantly higher neck, shoulder and upper back discomfort at the 2 km, 4
km, 6 km and 8 km distances compared to 0 km. Neck and shoulder discomfort were
also greater at the 4 km distance compared to the 2 km distance.

Discussion
The current study evaluated the effect of variations in load mass on posture, HR and
RPE reported by female hikers during an 8 km hike, while also determining the regions
of the body that experienced discomfort. In the present study, and consistent with the
literature, participants exhibited increased forward trunk flexion as load mass increased
[14, 15]. The increased trunk flexion would be due to the backpack centre of mass
shifting posteriorly as load mass increased together with the increased load. This trunk
flexion was the result of participants shifting their trunk segment forward to
counterbalance the load of the backpack [15]. Although trunk posture is important for
dynamic stability while walking with a loaded backpack, increased trunk flexion may
cause increased activity of the semispinalis, erector spinae and trapezius muscles in
order to maintain dynamic balance, potentially increasing muscle fatigue, discomfort
and pain in the shoulders and/or low back [26]. Furthermore, heavier loads may place
the hiker at increased risk of low back injury due to increased lumbosacral forces, which
have been associated with increased trunk flexion [48]. Despite significant increases in
trunk flexion, trunk ROM did not significantly change as a consequence of increased
load mass, indicating that the forward trunk lean was maintained throughout the gait
cycle with minimal change over the 8 km distance. Based on these results, and the
rationale that postures which deviate from neutral are more likely to cause discomfort,
pain and injury [19], carrying a load of 20% BW or greater could cause musculoskeletal
problems in female recreational hikers. However, as there was no disproportional
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change in posture with increasing load mass above 20% BW, and the magnitude of
changes between loads were low (< 5o), other evidence is required to develop load mass
recommendations for female hikers.
Consistent with previous studies [26, 32], HR was significantly higher when the
participants carried a load compared to when they walked unloaded. As load and
distance increased, in contrast to previous load carriage research [11, 26, 35], there were
no concurrent increases in HR. Martin & Morgan [49] suggested that walking velocity
is adjusted as load mass increases to minimise energy expenditure. The experienced
female hikers in this study were permitted to walk at a self-selected pace and their
walking velocity slowed as load mass increased, possibly explaining their constant HR
level. This result is in contrast to soldiers who are often required to march at a fixed
pace and are, therefore, unable to modify their walking velocity to minimise energy
expenditure. Furthermore, the participants in the present study were found to be
exercising at only 61% of their estimated HR maximum when carrying the 40% BW
load for 8 km, which is well within cardiovascular limits [50] for these participants.
Despite the relatively low HR values, the RPE results indicated that although carrying a
20% BW load was not difficult for the participants, the 40% BW load was significantly
more difficult after 8 km of hiking. That is, carrying 20% BW resulted in a mean RPE
score rated between “light” and “somewhat hard” whereas carrying 30% BW was rated
“somewhat hard”, and 40% BW as “hard (heavy)” over the 8 km distance.
The RPE responses of the experienced female hikers in the present study were
similar, although slightly higher than studies comparing similar relative load masses
using male civilian participants [27], indicating that women perceive the same relative
loads as more difficult than males. The RPE results also suggest that HR is not the most
effective measure to determine load mass guidelines for female recreational hikers
walking at a self-selected speed over 8 km as the variations in perceived exertion as a
consequence of load mass increases were not reflected in the HR data.
Greater levels of discomfort were reported for all seven body regions with
increased load and over increased distance (see Figure 1). Despite high variability
within the discomfort data, the upper body was reported to be affected by increases in
load mass during 8 km of hiking more than the lower body. It is acknowledged that
heightened feelings of upper body discomfort may have overridden any perceptions of
lower body discomfort. In the upper body, increased load and distance resulted in
significantly higher shoulder discomfort, consistent with previous research [25, 31, 34].
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Although a statistically significant increase in perceived discomfort in the shoulders was
reached when carrying the 20% BW load compared to 0%, the mean score was only
14.6 ± 16.5, indicating that the 20% BW load caused only mild discomfort. In contrast,
the mean discomfort score of 53.2 (SD 31.3) for the 40% BW load indicates that many
of the participants reported overall scores closer to the extreme range of discomfort. In
fact, the three participants who were unable to complete the 40% BW load condition
hike reported shoulder discomfort ranging from 60 to 100 as early as 2 km into the
walk. Similar high ratings have previously been used to describe shoulder discomfort
during manual handling carrying activities [51].
Studies using biomechanical modeling have recommended that forces on the
shoulders should be limited to < 290 N (29.6 kg) to minimise pain, discomfort and
injury [52]. Interestingly, the female hikers in the present study who were unable to
complete the 40% BW load condition were carrying the heaviest absolute loads (24.827.7 kg) of all the participants. As the lower back and hips have been found to support
approximately 30% of the weight of a backpack, with the remaining 70% on the upper
back and shoulders [29], these three participants would have carried 17 to 19 kg on their
shoulders.
Higher shoulder strap-skin pressures have been reported for women compared to
men [31], possibly due to the backpack weight being distributed over a smaller shoulder
area [53]. This, together with the fact that women have only 30-50% of the upper body
strength of a male counterpart of comparable size [28], may be why the female hikers in
the present study perceived a high level of shoulder discomfort when carrying the 40%
BW load. Based on these results further research is recommended to investigate the
effects of modifying backpack design for women to reduce shoulder loading and the
associated discomfort.
The RPE and discomfort results, together with the postural results provide a basis
for determining a load carriage limit. The RPE results suggest that carrying 20% BW
and 30% BW was not strenuous for the participants whereas carrying 40% BW was.
The perceived stress of carrying 40% BW was further supported by the shoulder
discomfort results. The ‘extreme’ shoulder discomfort reported by some participants
could be considered excessive when it is considered that recreational hikers often carry
their backpacks for longer durations and distances than those used in this study [2].
Overall, the subjective results suggest that although carrying 20% BW and 30% BW
was associated with statistically significant increases in RPE and discomfort, the
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participants did not report their load as being perceived as strenuous until they carried
40% BW. When combined with the postural results, it could be argued that 40% BW is
excessive for female recreational hikers.
Load carriage distance also resulted in increased neck and upper back discomfort
in the present study. The upper back pain data were consistent with the results of
Fergenbaum [25] who also found that higher pain intensity was reported in the thoracic
region (upper back) after 45 minutes of load carriage when participants carried 35 kg
and 50 kg loads. The authors suggested that the discomfort was due to blood occlusion
caused by pressure of the backpack on the underlying soft tissues [25]. Attwells et al.
[15] and Chansirinukor et al. [54] reported participants displayed a decreased
craniovertebral angle with load carriage, indicating a forward positioning of the head,
which may contribute to the neck discomfort found in the present study. Additionally,
Hong et al. [55] found muscle fatigue in the upper trapezius in children after 10 min of
walking with a 20% BW load, suggesting that this fatigue was most likely due to the
downward gravitational force acting on the backpack [55]. The increased neck, shoulder
and upper back discomfort reported in the present study as distance increased suggests
that regular rest breaks and shifting the backpack frequently during load carriage are
required during hiking to minimise discomfort and the injury risk.
Although past research has found discomfort maps and scales have very good testretest reliability and validity, particularly when using the same terms for anchor points
and when data is collected whilst the participant is experiencing the discomfort [56],
there may be learning effects of these tools which could influence results. Secondly,
participants in the present study were experienced recreational hikers who were used to
carrying heavy loads over long distances and therefore the results may differ for novice
or less experienced hikers. Thirdly, a relatively flat, even load carriage course was used
in the present study and the effect of hiking over rougher terrain may result in different
findings and recommendations. Finally, for ethical reasons this study only tested loads
up to 40% BW while walking for 8 km. The effect of heavier loads carried over longer
distances over consecutive days on HR, postural and subjective parameters are
unknown. Recreational hiking is a leisure activity that should be enjoyable for people
with a wide range of experience and fitness levels. Therefore, the load mass
recommendations from this study may require adjustment for novice, inexperienced or
less-conditioned female hikers or when hiking over rough, uneven terrain for longer
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distances to assist female recreational hikers minimise their risk of injury, maintain
performance and enhance their outdoor hiking experience.

Conclusion
The posture, RPE and discomfort of female recreational hikers were significantly
affected by increases in load mass and walking distance during prolonged hiking,
suggesting that these measures are useful when developing safe load mass guidelines.
The subjective results suggest that, although carrying loads of 20%, 30% and 40% BW
were associated with statistically significant increases in RPE and discomfort, the
participants did not perceive these loads as “hard” or causing undue discomfort until
they carried 40% BW. Based on the changes to posture, self-reported exertion and
discomfort when carrying loads of 20%, 30% and 40% BW over 8 km, it was concluded
that a backpack load limit of 30% BW should be recommended for experienced female
recreational hikers during prolonged walking.
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CHAPTER 7
General discussion, conclusions and recommendations for future
research

General Discussion
Together with lifting, pushing and pulling, carrying loads is one of the most common
manual handling activities. A backpack is used to carry loads over long distances and
over uneven terrain and is possibly the most fundamental piece of equipment for
recreational hikers [1, 2].

As the popularity of outdoor recreation, particularly

recreational hiking, increases [3, 4], the positive health effects [5] can be reduced by the
occurrence of injury, pain or discomfort [6]. The most common hiking injuries,
predominantly caused from overuse together with slips and/or falls [7], are strains,
sprains or other overuse musculoskeletal injuries. In addition, most injuries are reported
in the lower limbs [6-10] and females suffer significantly higher injury rates than males
in hiking activities [11-13]. Although methods of load carriage that minimise the risk to
the carrier have been the subject of investigation for many years [14, 15], there is
limited guidance for recreational hikers, particularly female recreational hikers,
regarding safe backpack loads. Past studies have investigated the physiological [16-19],
postural [20, 21], gait [22-24] and subjective responses [13, 25, 26] to load carriage in
order to determine load mass and other recommendations [20, 27-36]. However, most
research has been conducted on male soldiers who have carried loads for short durations
using forced pace procedures. Consequently, it was unknown whether the findings of
these studies or the current load mass recommendations were applicable to women who
engage in hiking activities carrying loads for prolonged durations.
The aim of this thesis was to determine the effect of variations in load mass during
prolonged load carriage on the performance of female recreational hikers. To
systematically address this aim, the thesis was structured into two sections. Section A
aimed to determine the backpack loading methodology to be used in Section B and was
accomplished by establishing (1) the appropriate control condition for load carriage
studies (Chapter 2) and (2) whether the vertical position of the load impacted load
carriage (Chapter 3). Once the backpack loading methodology was established Section
B investigated the effects of load mass and load carriage distance on the biomechanical,
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physiological and subjective parameters in female recreational hikers (Chapters 4, 5 &
6). The results of Section B are summarised below, with particular attention given to
load mass and distance and evidence to support load mass recommendations.

Section A: Backpack loading methodology
Load carriage studies have typically assessed changes in experimental variables when
participants carry load compared to a no-load control condition. However, this no-load
control condition has varied significantly between studies and it was therefore unknown
whether differences in the control condition may influence the results of these studies.
Study 1 (Chapter 2) was therefore conducted to determine whether there were any
differences in gait or posture as a consequence of wearing a backpack with no load
compared to walking without a backpack. Although no significant between-condition
differences were found in any of the kinematic, ground reaction force or muscle activity
variables, the Backpack condition induced a significant increase in double support time
and a decrease in single support time compared to the No Backpack condition.
However, as the absolute differences were small and unlikely to be functionally
relevant, it was concluded that either condition could serve as a control condition in
load carriage studies. As an unloaded backpack may cause irritation and be
uncomfortable to wear, the No Backpack condition was selected as the control condition
for the study to be completed in Section B.
In order to determine whether the control condition selected would have affected
the results of Chapter 4 additional analysis was conducted. As significant differences
were found in double support time for the control conditions, data at the 0 km and 2 km
distances for the 0% BW condition were compared with data for both control conditions
in Chapter 2. The analysis revealed no significant differences (p > 0.05) between 0%
BW conditions in either study. Therefore, the control condition selected was appropriate
and selecting the Backpack control condition would not have impacted on the results in
Section B.
Although previous studies have suggested that not only the load mass but the
position of the load may influence load carriage, the effect of changing the vertical
position of the load has received limited attention and the results of the available studies
are inconsistent. Therefore, Study 2 (Chapter 3) aimed to establish whether the vertical
position of a load in a backpack impacted load carriage. The results of the present study
were in contrast to those reporting the effects of load position on the physiological and
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subjective responses in females [2]. That is, despite the high load position being the
most preferred by participants overall, heart rate, rating of perceived exertion and
discomfort measures were not able to discern any statistical differences between the
three load positions (high, medium, low) during a 2 km load carriage task with 30%
body weight (BW). Nonetheless, the high load position resulted in a more upright
posture, lower integrated gastrocnemius activity and lower peak deceleration ground
reaction force (GRF) compared to the low load position. However, the changes in trunk
angle and GRF were small and therefore unlikely to be functionally relevant. Therefore,
the findings of Chapter 3 suggest that load position does not elicit gait modifications or
significantly alter self-reported responses and indicates that vertical load position is not
a critical factor in backpack loading for female recreational hikers. Therefore, for the
backpack study completed in Section B, load mass was distributed evenly along the
vertical axis of the backpack and close to the backpack harness.

Section B: The effect of load mass on biomechanical, physiological and subjective
parameters in female hikers during prolonged load carriage
Recreational hikers carry heavy loads at a self-selected pace, for many kilometers per
day, over varying terrain and often over consecutive days. The experimental protocol
used in Section B allowed participants to walk at their normal hiking pace over a load
carriage circuit to provide better face validity rather than using a treadmill as in previous
research [8]. Although treadmills allow researchers to control walking speed and
facilitate the use of monitoring equipment, significant differences between over ground
and treadmill walking has been found in double support, knee motion and EMG activity
[37] and these differences may not have accurately reflected the fatiguing effects of load
carriage when walking on the ground.
Although there is substantial literature describing the effects of load carriage on
soldiers, the effect of load carriage on female recreational hikers has received little
attention. Therefore, in the third study (Chapters 4, 5 & 6), 15 experienced female
recreational hikers walked 8 km at a self-selected speed with four load conditions: with
no backpack (0% BW condition) or with a loaded backpack (for the 20%, 30% and 40%
BW conditions). The findings of Section B indicate that biomechanical parameters
characterising gait, heart rate and the subjective perceptions of exertion and discomfort
when walking with increasing load mass were not dependent on the distance the load
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was carried as no load x distance interactions were found. However, load and distance
main effects were found and these are summarised below.

Distance Effects
The 8 km load carriage task significantly affected kinematic, GRF, muscle activity and
subjective responses of female recreational hiker participants. As load carriage distance
increased participants required greater neuromuscular modifications that may have
resulted in the changes in lower limb kinematic and GRF data that were also evident
with increased distance. However, while the data obtained from this study demonstrated
that participants displayed statistically significant changes to the GRF and spatiotemporal parameters (Chapter 4) as load carriage distance increased, these changes were
small (Chapter 4) and, therefore, are either unlikely to be functionally relevant or the 8
km distance was not far enough to elicit substantial changes. However, participants did
display greater knee flexion at the 4 km and 8 km distances and increased ankle plantar
flexion at initial foot-ground contact and at the 8 km distance. The increased ankle
plantar flexion with increased distance may be a result of fatigue of the ankle
dorsiflexors muscles [38, 39] (Chapter 5), which usually ensure correct ankle alignment
at initial foot-ground contact through eccentric contraction. Therefore, the change from
full knee extension to 3o to 4o of knee flexion demonstrated with increased distance may
have been initiated to help a compromised ankle absorb the impact forces. However,
this pattern may result in altered knee joint loading and, in turn, greater injury risk.
The altered lower limb muscle activity found as load carriage distance increased
(Chapter 5) may help explain some of the changes evident in lower limb joint changes
at initial foot-ground contact. The results showed that the female recreational hikers
displayed significantly lower integrated vastus lateralis (VL), semitendinosus (ST) and
gastrocnemius (GM) muscle activity at 2 km compared to 0 km. However, muscle
activity did not continue to decrease as walking distance increased past 2 km, indicating
that there were no additional demands on the muscles surrounding the ankle and knee
once participants were accustomed to the walking task. However, at the end of the hike,
at 8 km, shorter VL activation was found and this may reduce the ability of VL to
eccentrically control knee flexion and lessen protection of lower limb structures, such as
the knee, from impact forces during stance. Furthermore, at 8 km, decreased mean
power frequency of tibialis anterior (TA) signified local muscle fatigue, indicating that
the functional roles of this muscle may be compromised. Compromised TA muscle
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function may reduce the ability of the lower limb to absorb the repetitive loads
associated with prolonged load carriage, predisposing individuals to trips and falls or
overuse injuries as load carriage distance increases. The altered muscle activity may
also result in the altered kinematics and kinetics reported in previous studies on
prolonged load carriage [22, 33] (Chapter 4).
Consistent with earlier findings [20, 23], load carriage distance resulted in
participants displaying increased forward flexion of the trunk. Although control of the
trunk is important for dynamic stability while walking with a loaded backpack, the
increased trunk flexion may cause increased muscle fatigue, discomfort and muscular
pain in the shoulders or low back [40], placing the hiker at increased risk of low back
injury [41]. As distance increased, participants in the present study also reported
significantly increased shoulder, neck and upper back discomfort, with discomfort
leading to three participants not being able to continue walking to 8 km when carrying
the 40% BW load. Therefore, minimising the changes in posture, kinematics and
muscle fatigue by selecting an appropriate load mass when walking long distances, may
reduce discomfort and the risk of injuries in female recreational hikers.

Load Effects
As presented in Chapter 4, increasing load elicited a proportional increase in the vertical
and anteroposterior GRF generated during walking up to 30% BW. However, no further
significant GRF increases were evident as load increased from 30% BW to 40% BW. In
the present study participants also displayed decreased walking velocity, increased
double support and stance times and increased knee flexion at initial foot-ground
contact and in early stance when carrying load compared to no load. These small
kinematic changes, in addition to, or perhaps as a consequence of the spatio-temporal
gait adaptations (Chapter 4), may be associated with the need for additional shock
absorption and stability [42] when load is carried. However, only single support stance
time was sensitive to different load increases, with participants displaying increased
single support stance time as load increased. Although greater time in stance would
allow a longer time to attenuate the increased GRF, instability may result. That is,
during single support, the body falls away from the stance foot resulting in higher
mediolateral motion of the body’s centre of mass [43] as evidenced by the greater
mediolateral impulse seen with the 30% and 40% BW loads in the present study
(Chapter 4). Greater single limb stance time may also partially explain the lack of GRF
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increase between 30% and 40% BW, although other mechanisms such as increased hip
flexion [44] or altered activity of the thigh muscles, which function as shock absorbers
[20], maybe activated to reduce the impact forces when carrying the heavier 40% BW
load. It is suggested that the changes in stance time with increased load mass may be
aimed at attenuating the higher GRF but may result in a less stable gait with the 40%
BW.
In support of previous research [45, 46], as load mass increased the participants
increased activity of VL, ST and GM (Chapter 5) in order to compensate for the
additional load. However, changes in VL and biceps femoris (BF) co-activation were
only seen when participants carried the 40% BW load and may reflect the need for
additional lower limb stability during the stance phase of gait, rather than just at initial
foot-ground contact with the heavier load.
Increasing load mass significantly affected posture of the female recreational
hiker participants, which is consistent with previous studies [20, 21, 24]. In Chapter 6,
peak trunk flexion was shown to increase by 6°, 9° and 11° when load mass increased
from 0% to 20%, 30% and 40% BW, respectively. Based on these results and the
rationale that postures that deviate from normal are more likely to cause discomfort,
pain and injury [47], carrying a load of 20% BW or greater could cause musculoskeletal
problems in female hikers. However, carrying a load of 40% BW is more likely to lead
to problems as it caused the greatest change in posture and may increase the
lumbosacral forces on the spine and, in turn, back pain.
Subjective data gathered during prolonged load carriage (Chapter 6) indicate that
female recreational hikers report increased ratings of perceived exertion (RPE) and
discomfort of the shoulders as load mass increases. Carrying 20% BW resulted in a
mean RPE rating of ‘fairly light’ as opposed to carrying 40% BW which resulted in a
mean RPE rating of ‘hard’. As shown previously [48], shoulder discomfort significantly
increased as load increased such that the 20% BW load caused mild discomfort,
whereas when carrying the 40% BW load, many of the participants reported overall
scores closer to the extreme range of discomfort. In fact, the three subjects who were
unable to complete the 40% BW hike reported extreme shoulder discomfort as the
reason for not being able to continue. Therefore, the magnitude of self reported RPE and
discomfort in Chapter 6 suggests that carrying a load of 30% BW or lower was
perceived as reasonable by participants, whereas carrying a load of 40% BW was
considered excessive.
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Collectively, the findings of Chapters 4, 5 and 6 support a maximum load mass
recommendation of 30% BW for experienced female hikers. Carrying 40% BW
represents a load which is likely to cause shoulder discomfort and high levels of
perceived exertion among female hikers. Selecting a load of 30% BW or lower when
walking long distances may allow greater walking stability, minimise changes in muscle
activity patterns, decrease shoulder discomfort and may reduce the risk of recreational
hikers sustaining lower limb injuries. Therefore, a backpack load limit of 30% BW
should be recommended for experienced female recreational hikers during prolonged
load carriage.

Limitations
The following factors inherent in the methodology used in the present thesis are
acknowledged as limitations:
(i)

The studies were restricted to experienced female recreational hikers, aged 18-35
years who volunteered to participate. Experienced hikers have been found to
adjust their gait when carrying heavy loads whereas novice hikers make no
significant changes [49]. Therefore, the findings of this study may not be
applicable to inexperienced hikers whose walking patterns may be different to
those found in this thesis. Additionally, the results are not directly applicable to
males or older and younger females.

(ii)

Despite the fact that the backpack was equally novel to all participants and the
investigator ensured that the backpack fitted the participants adequately, it is
acknowledged that familiarisation time required with the backpack might have
varied between participants and this may have influenced the subjective results.

(iii) The laboratory testing conditions, including the use of artificial surfaces, could not
fully replicate real-life hiking situations and therefore, may have influenced the
walking patterns of each participant.
(iv) Although the female hikers walked at a self-selected speed for all conditions, the
kinematic and GRF may have differed if a constant controlled walking speed was
used [24, 50, 51] and therefore the results cannot be extrapolated to studies that
mandate a walking speed.
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(vi) The study used a relatively flat, even load carriage course and the effect of hiking
in different environmental conditions may result in different findings and
recommendations.
Other limitations specific to each study were discussed in the relevant chapters.

Conclusions
The findings of this thesis represent the first systematic attempt to use a combination of
both objective and subjective measures to study the responses of female recreational
hikers to prolonged load carriage. The findings of this thesis establish that as load mass
increased, participants report increased RPE and shoulder discomfort and the increase in
muscle activity, changes in double support time, velocity and knee flexion in early
stance are made in order to maintain lower limb stability and aid in shock absorption.
Based on the findings of this thesis, an appropriate backpack load for experienced
female recreational hikers should be up to 30% of their body weight.

Recommendations for Future Research
Based on the findings of the present thesis, recommendations for further research on
load carriage are suggested below:
(i)

Research in the present study was conducted on females and, consequently,
further research should be conducted to determine whether male recreational
hikers or hikers of different ages display similar changes with prolonged load
carriage and, in turn, whether the same load mass limits apply to these
populations.

(ii)

The recommended maximum load mass of 30% BW proposed for female
recreational hikers in this study should be confirmed using a larger sample with a
more diverse female population (e.g. adolescents, older females, expert and
novice hikers).

(iii) Research in the present study was conducted on relatively flat, even terrain in
weather of temperatures ranging from 15o-23oC with no rain. Therefore, further
research should be conducted in more challenging environmental conditions, over
varying terrains and over different days to determine whether the maximum load
mass recommendations are valid for these conditions.
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(iv) In the present study, participants wore an internal frame backpack with wellpadded shoulder straps, a broad sternum strap, and hip belt components marketed
to be specifically designed for females. Therefore, further research on other
backpack designs is warranted under the same conditions to ascertain the effects
of backpack design on maximum load mass recommendations.
(v)

The use of pressure mapping technology may be useful to study the pressure
distribution under the harness and backpack in order to determine backpack
design features that may minimise upper body discomfort in females, particularly
as shoulder discomfort was the reason why subjects in the present study ceased
their hiking activity.

(vi) The present study analysed biomechanical indices of prolonged load carriage in
the sagittal plane. It is suggested that further investigation determines how
prolonged load carriage affects the biomechanical indices in all three planes of
motion in order to provide further insight into the potential causes of load
carriage-related injuries.
(vii) Future studies assessing the affect of prolonged load carriage should calculate
lower limb loading to provide further insight in order to understand the potential
mechanisms behind the significant increased risk of hiking injuries in females.
(viii) Finally, given the results of this thesis indicate a maximum load mass limit of
30% BW for experienced female recreational hikers for improved walking
stability and reduced risk of injury, research should be conducted to ascertain
whether adherence to this recommendation decreases lower limb injuries in this
and other populations.
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APPENDIX A - Chapter 3, 4, 5 & 6 Documentation
A1

Subject Information Package

PROJECT TITLE
What are the biomechanical responses of females to prolonged load carriage?
BACKGROUND INFORMATION
Carrying loads on the back in backpacks places an increased load on the
musculoskeletal system and might contribute to overuse injuries to the lower limb and
back. Prolonged load carriage has been found to be a major cause of overuse injuries
to the lower limb and back and evidence suggests that female are at a greater risk of
injury than males when undertaking the same load carriage tasks.
PROJECT OBJECTIVES
This study aims to examine the effects of variations in load mass on the gait and
posture of healthy females during prolonged load carriage.
STUDY REQUIREMENTS
Before testing you will be required to sign the Informed Consent Form, after you have
read this Subject Information Package and had any of your questions answered.
The load carriage study will require four separate visits to the Biomechanics Research
Laboratory with at least 3 days between load carriage trials. The testing sessions will
take approximately 3 – 4 hours per visit with the actual load carriage trials expected to
take 1.5 to 2 hours. On the first visit, you will have your height, weight, leg lengths and
girths measured and then be shown the walking circuit, backpack and the equipment
that we will use during the testing sessions. The load carriage trail will require you to
walk for 8 km, at your own pace, carrying one of four loads. The load weights will be:
0%, 20%, 30% and 40% of your body weight. The backpack will be adjusted to ensure
that it is comfortable. The 8 km walking circuit will be within the University grounds and
you will have a short 10- minute rest break at the half way mark (4 km).
When you arrive for your load carriage trial you will have special markers and surface
electrodes placed on your skin so that we can capture your motion and the activity of
your lower limb muscles. A heart rate monitor will also be placed around your chest so
that we can monitor your heart rate while you are walking.
At 2 km intervals during the 8 km walk you will walk through the Biomechanics
Research Laboratory so that we can collect data on your gait and posture. Your motion
will be monitored using special cameras that will track the special light emitting markers
that will be placed on your skin. Your muscle activity will be picked up by a receiver in
the laboratory from the surface electrodes on your lower limbs and back. The forces
exerted by your feet will also be collected when you walk over a force platform that will
be positioned under the floor surface. We will also ask you to rate your level of exertion
or effort and any discomfort that you may be feeling in different areas of your body. You
will be asked to rate these using a scale that you will be shown at regular intervals. We
will monitor how you are going throughout the trial and an observer will walk with you
during the load carriage trial to monitor your progress. You can choose to stop the trial
at any time that you feel that you cannot continue.
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RISKS, INCONVENIENCES AND DISCOMFORTS
As this study requires you to perform similar activites and physical demands to those
experienced during an easy to medium grade hike, minimal risks are involved.
However, you will not be required to perform any activity with which you feel
uncomfortable.
BENEFITS
This study will provide us with information on how women respond to carrying medium
to heavy loads for prolonged periods that are typically encountered during hiking and
military training. Knowledge of the biomechanical effects of prolonged load carriage will
help to identify potential factors that contribute to overuse and lower limb injuries and
will be valuable in developing guidelines pertaining to optimal load carrying conditions
for women to reduce the risk of these injuries.
FREEDOM OF CONSENT
Participation in this study is entirely voluntary. You are free to deny consent before or
during the experiment. Your participation and/or withdrawal of consent will not
influence your present and/or future involvement with the University of Wollongong or
the outdoor industry associations. You have the right to withdraw from any experiment,
and this right shall be preserved over and above the goals of the experiment.
CONFIDENTIALITY
All questions, answers, and results of this study will be treated with absolute
confidentiality. Subjects will be identified in the resultant manuscripts, reports or
publications by use of the subject codes only.
DATA AND RESULTS
All data collected during this study will be retained in a secure place after completing
this study for at least five years so as to comply with the University’s Code of Practice –
Research.
ENQUIRES
Please feel free to ask any questions you have concerning the procedures used in this
study. Initial contact can be made to the Chief Investigator of the study, Katrina
Simpson (Ph.D. Candidate, Department of Biomedical Science, University of
Wollongong (Ph: (02) 4221 4480) or to A/P Julie Steele (Associate Professor,
Department of Biomedical Science, University of Wollongong (Ph: (02) 4221 3881).
For any concerns or complaints regarding the way in which the research is or has been
conduct, you should contact the Secretary of the University of Wollongong Human
Research Ethics Committee on (02) 4221 4457.
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A2

Consent Form
UNIVERSITY OF WOLLONGONG
CONSENT FORM

What are the biomechanical responses of females to prolonged load carriage?

Katrina Simpson
I have been given information about the study entitled “What are the biomechanical
responses of females to prolonged load carriage?” and I have discussed the research
project with Katrina Simpson who is conducting this research as part of a Doctorate of
Philosophy thesis, under the primary supervision of A/P Julie Steele and Bridget
Munro, the Department of Biomedical Science, University of Wollongong.
I understand that, if I consent to participate in this project I will be asked to:
•
•
•
•
•

have my height, weight, leg lengths and circumferences measured;
permit special markers to be placed on the skin of my lower limbs, back and
shoulders to monitor my motion;
permit special electrodes to be placed on the skin of my lower limbs and back to
monitor my muscle activity;
perform four walking trials in the University grounds covering a distance of 8 km
while carrying no load and 20%, 30% and 40% of my body weight in a
backpack; and
allow my motion when walking during the testing session to be recorded on
video and photographed to enable the changes in my gait and posture to be
quantified. These images will only be viewed by the researchers involved in the
project.

If I am selected to participate in the study, I will be required to perform the above
procedures on four different days (3 hours per day for 4 days), with a minimum of 3
days between load carriage trials.
I have been advised of the potential risks and burdens associated with this research,
which include minimal risk from walking with medium and heavy loads in a backpack,
although these activities are similar to activities that I perform when hiking. I have had
an opportunity to ask Katrina Simpson any questions I may have about the research
and my participation. I understand that my participation in this research is voluntary, I
am free to refuse to participate and I am free to withdraw from the research at any time.
My refusal to participate or withdraw consent will not affect my relationship with the
Department of Biomedical Science or my relationship with the University of
Wollongong.
If I have any enquires about the research, I can contact Katrina Simpson, (02) 4221
4480 or A/P Julie Steele, (02) 4221 3881. If I have any concerns or complaints
regarding the way the research is or has been conducted, I can contact the Complaints
Officer, Human Research Ethics Committee, University of Wollongong on (02) 4221
4457.
By signing below I am indicating my consent to participate in the research entitled
“What are the biomechanical responses of females to prolonged load carriage?”,
conducted by Katrina Simpson as it has been described to me in the information sheet

113

and in discussion with Katrina Simpson. I understand that the data collected from my
participation will be used for a thesis, journal publication, and presentations at
conferences, and I consent for it to be used in that manner.

Name (please print): ………….……………….

Contact Phone No: ……………….

Address: ……………………………………………………………………………….…...…….
Signed: ………………………….……………………………

Date: ......./....../......

Witness Name: …………………………………………………………………………………..
Witness Signature: ……………………………………….…

Date: ......./....../......

Name and phone number of contact person in case of an emergency:
Name: ..............................................………….
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Phone number: .......….................

A3

Subject Screening Questionnaire
SUBJECT SCREENING QUESTIONNAIRE:
“What are the biomechanical responses of females to prolonged load carriage?”
Department of Biomedical Science, University of Wollongong

Please answer the following questions as frankly and accurately as possible.
This questionnaire is designed to protect the health of both you and the experimenter.
ALL INFORMATION OBTAINED IN THIS STUDY WILL BE KEPT CONFIDENTIAL.

SUBJECT CODE: __________________________ DATE: ____________________
DATE OF BIRTH: ________________ (dd/mm/yr) AGE: _________ years
SECTION A: MEDICAL HISTORY:
(1)

Do you have, or have you had any of these illnesses?
(a) Heart problems:
( ) no
( ) yes
(b) Respiratory (lung) problems:

( ) no

( ) yes

If yes, please indicate the doctor's diagnosis:
________________________________________________________________
First incident at age ________ years. Last incident on: ____________ (mm/yr).
(2)

Do you have, or have you had, any of these other illnesses or health
problems?
If yes,
Doctors Diagnosis

Last Incident on:

High blood pressure

( ) no ( ) yes

_________________ ______________

Diabetes

( ) no ( ) yes

_________________ ______________

Muscle, bone or joint disorders

( ) no ( ) yes

_________________ ______________

Neural disorders

( ) no ( ) yes

_________________ ______________

Major operations

( ) no ( ) yes

_________________ ______________

(3)

Do you have any medical condition(s) you feel the researchers should
know about?
( ) no
( ) yes: please give details:
________________________________________________________________
________________________________________________________________
________________________________________________________________
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(4)

Are you currently taking any medication prescribed by a doctor?
( ) no
( ) yes
If yes, please explain briefly & name medication: _________________________
________________________________________________________________

(5)

Has a doctor ever said you have a heart condition and recommended only
medically-supervised physical activity?
( ) no
( ) yes
If yes, please explain briefly:
________________________________________________________________

(6)

Do you have chest pain which is brought on by physical activity?
( ) no
( ) yes
If yes, please explain briefly:
________________________________________________________________

(7)

Do you have a tendency to lose consciousness or fall over as a result of
dizziness?
( ) no
( ) yes
If yes, please explain briefly:
________________________________________________________________

(8)

Has a doctor ever recommended medication for blood pressure or a heart
condition?
( ) no
( ) yes
If yes, please explain briefly:
________________________________________________________________

(9)

Do you have a bone or joint problem that could be aggravated by physical
activity?
( ) no
( ) yes
If yes, please explain briefly:
________________________________________________________________

(10)

Have you sustained any major ankle, hip, knee or back injuries that
required medical attention or disturbance of normal activities for two or
more days?
( ) no
( ) yes
If yes, please explain briefly:
________________________________________________________________

(11)

Are you aware, through your own experience, or through a doctor's
advice, of any other physical reason against you exercising without
medical supervision?
( ) no
( ) yes
If yes, please explain briefly:
________________________________________________________________
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SECTION B: CURRENT PHYSICAL CONDITION: Please choose only one to rate
your current physical fitness level
1. I don’t participate regularly in programmed recreation sport or physical
activity



Avoid walking or exertion (eg always use elevator, drive whenever instead of
walking



Walk for pleasure, routinely use stairs, occasionally exercise sufficiently to
cause heavy breathing or perspiration

2. I participate regularly in recreation or work requiring modest physical activity
such as golf, horseback riding, table tennis, weight lifting, gardening:



10 to 60 minutes per week



Over one hour per week

3. I participate regularly in heavy physical exercise (such as running or jogging,
swimming, cycling, rowing) or engage in vigorous aerobic type activity (such
as tennis, basketball)



Run less than one mile per week or spend less than 30 minutes per week in
comparable physical activity



Run 1 to 5 miles (1.6 to 8 kms) per week or spend 30 to 60 minutes per week in
comparable physical activity



Run 5 to 10 miles (8 – 16 kms) per week or spend 1 to 3 hours per week in
comparable physical activity



Run over 10 miles (16 kms) per week or spend over 3 hours per week in
comparable physical activity

117

SECTION C: DETAILS OF LEVEL OF BACKPACKING EXPERIENCE
(1)

How many hiking trips have you completed in the last 12 months?
_______________________________________________________________

(2)

What was the duration and distance of the last two hiking trips you
completed?

(3)

______________ (days)

______________ (kms)

_____________ date

______________ (days)

______________ (kms)

_____________ date

What is the average pack weight that you carry on a hike? ___________kg

Declaration:
To the best of my knowledge, my answers to the above questions are true.
Subject Code: ____________________
Signature: _______________________
Date: ___________________________

Witness: _____________________
Signature: ____________________
Date: _______________________
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A4

University of Wollongong Ethics Approvals
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APPENDIX B – Backpack Specifications
The specifications for the backpack used in all of the studies are detailed below:

Manufacturer:

Lowe Alpine, UK

Model:

Alpamayo ND Crossbow

Capacity:

60 L

Weight:

3.2 kg

Harness:

AircooledTM back system
collar cut harness

Back System:

Torso Fit APS9 adjustable
back with AirCooled TM
back system

Hip Belt:

Ergonomic load transfer hip
belt. Removable,
interchangeable hip belt
(Medium size selected)

Chest strap:

For load stabilisation

Compartments:

2 compartments with zipout divider

Shape:

Slim mountaineering profile

Source: http://www.outdoorgearsite.com

Compression:

Crossbow compression and

downloaded 12/3/2009

stabilisation system
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APPENDIX C – Chapter 4 Data
Table 1

Mean (± SD) ground reaction force, spatio-temporal and kinematic variables displayed by participants at each load mass and distance
during the 8 km hike.
Variable

GRF Variables
Impact peak of vertical GRF (Fy1; BW)
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Minimum vertical GRF during midstance (Fy2; BW)

Propulsive peak of vertical GRF (Fy3; BW)

Vertical impulse (BW.s)

Peak braking anteroposterior GRF (BW)

Peak propulsive anteroposterior GRF (BW)

Distance
(km)

0% BW

20% BW

30% BW

40% BW

0
2
4
8
0
2
4
8
0
2
4
8
0
2
4
8
0
2
4
8
0
2
4
8

1.30 ± 0.11
1.34 ± 0.10
1.33 ± 0.11
1.34 ± 0.10
0.71 ± 0.10
0.67 ± 0.11
0.67 ± 0.11
0.66 ± 0.11
1.24 ± 0.07
1.26 ± 0.07
1.26 ± 0.07
1.26 ± 0.07
0.57 ± 0.04
0.56 ± 0.04
0.56 ± 0.03
0.55 ± 0.03
-0.25 ± 0.04
-0.28 ± 0.05
-0.28 ± 0.05
-0.28 ± 0.05
0.27 ± 0.03
0.28 ± 0.03
0.29 ± 0.03
0.29 ± 0.04

1.54 ± 0.13
1.55 ± 0.13
1.54 ± 0.13
1.54 ± 0.13
0.81 ± 0.12
0.77 ± 0.12
0.76 ± 0.14
0.76 ± 0.14
1.45 ± 0.08
1.47 ± 0.09
1.48 ± 0.09
1.47 ± 0.08
0.67 ± 0.04
0.66 ± 0.04
0.66 ± 0.03
0.65 ± 0.03
-0.31 ± 0.04
-0.32 ± 0.05
-0.33 ± 0.05
-0.33 ± 0.05
0.32 ± 0.03
0.33 ± 0.04
0.33 ± 0.04
0.33 ± 0.04

1.65 ± 0.11
1.67 ± 0.14
1.69 ± 0.11
1.69 ± 0.12
0.90 ± 0.13
0.84 ± 0.15
0.83 ± 0.13
0.82 ± 0.13
1.56 ± 0.08
1.60 ± 0.08
1.60 ± 0.08
1.59 ± 0.07
0.74 ± 0.05
0.74 ± 0.05
0.73 ± 0.04
0.72 ± 0.04
-0.34 ± 0.05
-0.36 ± 0.06
-0.36 ± 0.05
-0.37 ± 0.05
0.33 ± 0.04
0.35 ± 0.04
0.35 ± 0.04
0.35 ± 0.04

1.76 ± 0.13
1.76 ± 0.11
1.77 ± 0.11
1.47 ± 0.77
0.95 ± 0.15
0.94 ± 0.15
0.91 ± 0.16
0.69 ± 0.38
1.67 ± 0.10
1.68 ± 0.11
1.68 ± 0.12
1.36 ± 0.71
0.80 ± 0.05
0.80 ± 0.04
0.80 ± 0.05
0.63 ± 0.32
-0.37 ± 0.07
-0.38 ± 0.06
-0.37 ± 0.06
-0.32 ± 0.10
0.35 ± 0.05
0.35 ± 0.04
0.36 ± 0.05
0.30 ± 0.02

Mediolateral impulse (BW.s)

0
2
4
8

0.02 ± 0.01
0.02 ± 0.01
0.02 ± 0.01
0.02 ± 0.01

0.02 ± 0.01
0.03 ± 0.01
0.03 ± 0.01
0.02 ± 0.01

0.03 ± 0.01
0.03 ± 0.01
0.03 ± 0.01
0.03 ± 0.01

0.03 ± 0.01
0.03 ± 0.01
0.03 ± 0.01
0.03 ± 0.02

0
2
4
8
0
2
4
8
0
2
4
8
0
2
4
8

119 ± 4
119 ± 4
120 ± 4
120 ± 3
121 ± 2
121 ± 3
121 ± 3
121 ± 2
111 ± 3
112 ± 3
112 ± 3
113 ± 4
25 ± 2
25 ± 3
24 ± 2
24 ± 2

119 ± 4
119 ± 4
120 ± 4
120 ± 3
117 ± 3
118 ± 3
118 ± 4
119 ± 4
110 ± 4
111 ± 5
111 ± 5
112 ± 5
25 ± 3
27 ± 2
25 ± 3
25 ± 2

117 ± 5
118 ± 6
120 ± 9
118 ± 5
116 ± 4
118 ± 5
118 ± 5
118 ± 5
109 ± 5
111 ± 6
111 ± 4
112 ± 6
29 ± 4
29 ± 3
31 ± 7
29 ± 4

118 ± 5
119 ± 5
119 ± 6
122 ± 9
117 ± 5
117 ± 5
117 ± 5
118 ± 6
112 ± 6
113 ± 7
113 ± 6
113 ± 7
28 ± 4
29 ± 4
28 ± 3
27 ± 4

0
2
4
8
0
2
4
8
0
2
4
8

181 ± 3
182 ± 7
181 ± 4
180 ± 5
162 ± 5
161 ± 5
160 ± 5
160 ± 4
172 ± 4
173 ± 3
173 ± 3
173 ± 3

181 ± 4
178 ± 3
178 ± 4
173 ± 9
157 ± 4
156 ± 4
155 ± 4
154 ± 4
171 ± 4
172 ± 3
173 ± 4
173 ± 4

180 ± 5
174 ± 9
173 ± 9
177 ± 6
157 ± 4
156 ± 4
156 ± 4
155 ± 5
172 ± 4
175 ± 5
174 ± 5
173 ± 3

176 ± 5
176 ± 4
175 ± 5
171 ± 10
157 ± 7
157 ± 8
156 ± 8
157 ± 9
173 ± 5
172 ± 5
172 ± 4
173 ± 4

Kinematic Variables
Ankle angle at the time of initial contact (o)

Ankle angle at the time of Fy1 (o)
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Ankle angle at the time of at Fy3 (o)

Ankle range of motion (o)

Knee angle at the time of initial contact (o)

Knee angle at the time of Fy1 (o)

Knee angle at the time of at Fy2 (o)

Knee range of motion (o)

0
2
4
8

38 ± 6
37 ± 6
34 ± 4
34 ± 4

36 ± 6
35 ± 4
35 ± 5
37 ± 8

36 ± 4
35 ± 3
34 ± 5
35 ± 5

35 ± 4
33 ± 5
33 ± 5
32 ± 7

Stride Length (m)

0
2
4
8

1.60 ± 0.09
1.64 ± 0.10
1.65 ± 0.11
1.65 ± 0.09

1.58 ± 0.08
1.61 ± 0.07
1.63 ± 0.07
1.62 ± 0.08

1.58 ± 0.07
1.61 ± 0.07
1.62 ± 0.07
1.51 ± 0.08

1.57 ± 0.08
1.59 ± 0.07
1.60 ± 0.06
1.62 ± 0.07

Velocity (m.s-1)

0
2
4
8

1.54 ± 0.16
1.62 ± 0.15
1.61 ± 0.16
1.61 ± 0.15

1.51 ± 0.14
1.55 ± 0.13
1.58 ± 0.12
1.58 ± 0.14

1.48 ± 0.12
1.53 ± 0.12
1.55 ± 0.11
1.46 ± 0.09

1.47 ± 0.13
1.48 ± 0.10
1.51 ± 0.09
1.53 ± 0.11

Cadence (steps.min-1)

0
2
4
8

115 ± 7
118 ± 5
117 ± 5
118 ± 5

114 ± 6
116 ± 6
116 ± 5
117 ± 5

112 ± 6
113 ± 5
114 ± 5
116 ± 5

112 ± 6
112 ± 4
113 ± 5
113 ± 5

Double support time (% gait cycle)

0
2
4
8

21.3 ± 5.2
19.4 ± 3.5
17.7 ± 3.7
19.1 ± 4.2

24.1 ± 5.6
23.6 ± 4.4
23.2 ± 6.4
24.4 ± 5.8

24.1 ± 5.0
24.9 ± 6.1
24.7 ± 4.7
25.0 ± 4.6

25.5 ± 5.0
26.6 ± 4.9
25.8 ± 6.1
23.7 ± 6.5

Stance Time (ms)

0
2
4
8

636 ± 51
630 ± 48
622 ± 46
617 ± 41

652 ± 47
649 ± 40
644 ± 38
637 ± 35

674 ± 41
669 ± 38
662 ± 39
652 ± 36

680 ± 42
679 ± 40
676 ± 38
672 ± 42

Spatio-temporal variables

124123

GRF = ground reaction force
BW = body weight

